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ABSTRACT 

ROBOTICS, MISSION PROFILE, LIFETIME, MANUFACTURING, DC MICROGRID, 

RELIABILITY, VIRTUAL COMMISSIONING SOFTWARE. 

 

The Thesis studies robotized manufacturing systems focusing the research on industrial 

robots. Development and production testing methods of the electronic components of industrial 

robot and their role in the life cycle of hardware are reviewed in the Thesis. The main 

achievement of the Thesis is the development of a software tool for robot language code 

translation to lifetime consumption of robot drive inverter power electronics components. 

Reliability assessment for various industrial robot electrical cabinet layout and operation 

options is included in this study by applying the developed tool in practice. 

This work is written in English. It consists of 186 pages, 157 Figures, 18 tables and an 

addition of 14 attachments. Information was obtained from scientific databases such as IEEE 

Xplore Digital Library, ScienceDirect. A total of 170 information sources were used to develop 

this work, published in a time period between year 1973 and 2021.  
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ANOTĀCIJA 

ROBOTIKA, EKSPLUATĀCIJAS PROFILS, DARBMŪŽS, RAŽOŠANA, LOKĀLS 

LĪDZSPRIEGUMA TĪKLS, UZTICAMĪBA, VIRTUĀLĀS EKSPLUATĀCIJAS 

PROGRAMMATŪRA. 

 

Promocijas darbā pētītas robotizētās ražošanas sistēmas, kuru centrā ir industriālais robots. 

Darba gaitā apskatītas industriālo robotu elektronikas izstrādes un ražošanas pārbaužu metodes, 

kā arī to loma aparatūras aprites ciklā. Būtiskākais darba sasniegums ir programmatūras rīka 

izstrāde robota programmēšanas valodas koda pārveidošanai par robota piedziņas invertora 

energoelektronikas komponentu kalpošanas laika patēriņu. Darbs iekļauj atšķirīgu industriālo 

robotu enerģijas apgādes veidu, kā arī to darbības režīmu uzticamības novērtējumu, kas veikts, 

izstrādāto rīku lietojot praksē. 

Promocijas darbs rakstīts angļu valodā. Tas sastāv no 186 lapām, tai skaitā 157 attēliem, 18 

tabulām un papildus – 14 pielikumiem. Informācijas avotu iegūšanai izmantotas tādas 

zinātniskās datubāzes kā IEEE Xplore Digital Library, ScienceDirect. Kopā darba izstrādei 

informācija apkopota no 170 informācijas avotiem, kas izdoti laika periodā no 1973. līdz 2021. 

gadam. 
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1. INTRODUCTION 

Section 1.1 provides a basic introduction and background to DC microgrid, control and 

reliability topics covered in this study, followed by a discussion of motivation and relevance of 

the study in section 1.2. The main hypothesis and objectives are highlighted in section 1.3. 

Results of the study are presented in section 1.4. 

1.1. DC Microgrids, Control and Reliability 

Industrial microgrids are a topic with high potential in industrial and research environment. 

Innovation supported electrical energy consumption reduction in this area has been researched 

in multiple projects. Previous research by Daimler AG and Riga Technical University has 

shown reduction of energy consumption by up to 30 % by introduction of an external energy 

storage to a state of the art robotized system [1]. This work continues the previos research as 

the demand for direct current (DC) microgrid solutions is increasing. DC microgrid in 

manufacturing environment is a new challenge and is included the innovations introduced by 

Industry 4.0. 

As the focus of previous studies has been on reduction of electrical energy consumption by 

changing layouts, detailed analysis of suggested robotized manufacturing system layout and 

control improvements is a currently missing, but required addition to previous work. 

Various DC microgrid applications and control methods are reviewed, evaluating reliability 

and other major parameters. Energy consumption computational model of industrial robots for 

virtual commissioning software is applied for research and extended with the addition of 

thermal and lifetime consumption simulation capability. Study introduces a lifetime 

improvement tool for specific reliability and lifetime improvements due to review of robotized 

equipment application types and robot programs common in automotive industry.  

1.2. Motivation 

Significant motivation to study the topics presented in this work is an industry standard 

requirement to maintain initial functionality of the robotized manufacturing hardware (see Fig. 

1.1) for as long as possible, as it provides the required process continuity of the automotive 

environment. 

Maintaining initial functionality of electronics in general reduces waste is required for 

sustainable manufacturing, since effective use of resources is a basis for sustainable industry. 
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Fig. 1.1. Sample manufacturing cell with six degree of freedom industrial robots, simulated in 

3D environment [2]. 

 

The trend is highlighted in the consumer electronics market, where European Union may 

consider enforcing seven-year smartphone lifespan and demanding improved maintenance 

options. It confirms that the reliability requirement and understanding of the related lifetime 

concepts is essential for product developers, demanded by the customer and in some cases the 

government. 

Industrial environment has seen an increase of robotized equipment through the last 

decades. Operational stock of industrial robots has increased and the trend is expected to 

continue (see Fig. 1.2). 

 

 

Fig. 1.2. Number of industrial robot operational units per world region [3]. 

 

A lot of manufacturing equipment design is outsourced and developed in a virtual 

environment before reaching the manufacturing site. Virtual models of an industrial robot have 

been created earlier to assist the hardware designers in decision making.  

Engineering department is expected to adjust the hardware for the needs of the specific 

application, considering the simulated parameters and the simulation results. The developed 

robot programs are expected to run without major modification for up to 7 years, therefore 
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programmers are creating robot programs, which will be operational in production for the 

following years.  

Computational extension introducing energy consumption and lifetime consumption in 

virtual commissioning environment is a novelty to support engineering team with data to design 

the robotized hardware in a sustainable way. Modeling toolbox with energy consumption and 

lifetime estimation capability presented in this study provides the required agile feedback to 

manufacturing equipment engineer (see Fig. 1.3).  

 

 

Fig. 1.3. Design, confirmation and setup of robotized manufacturing equipment. 

 

Engineering equipment decisions can be adjusted to meet the requirements of robot program 

and application type early in the development. Energy and lifetime consumption differences are 

expected to multiply over time, increasing the cost and risks of the manufacturing.  

Research begins with modeling as the state-of-the-art information about the studied use case 

is gathered and used through the further sections of this work. Computation model is developed 

to improve the scale and capability of the research. Several use-cases are simulated at device 

(transistors) and converter (KUKA Servo Pack inverter) level followed by analysis of the results 

and comparison to the previously made assumptions.  

Objective of the modeling stage is to develop a computation tool for junction temperature 

and lifetime consumption assessment. It planned to evaluate the assumed relationship between 

weight of the industrial robot tool and lifetime consumption of the power electronics. As there 

are multiple use cases of industrial robotized systems, confirmation of the connection between 

robot application type and lifetime consumption is one of the objectives. Estimation tool is used 

to compare various of the robot electrical cabinet layouts. 

 

 

Fig. 1.4. Modeling, assessment and enhancement stages of the presented reliability 

improvement study. 
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Research (see Fig. 1.4.) is continued by enhancement stage, during which production 

methods and various tests, as well as screening methods are analyzed. The third part of the 

study reviews the established industrial robot electronic component development, production 

and testing methods. Analysis of the studied power electronics reliability cycle starting from 

development, to mass production and final use in production, by in-depth review of the 

development and production reliability tests is the objective of the enhancement stage. 

1.3. Main Hypothesis and Objectives 

Reliability of manufacturing equipment is important in European Union and worldwide. 

Maintaining the hardware initial functionality for as long as possible provides continuity of 

automated proceses and protects environment, where effective use of resources is an essential 

basis for sustainable manufacturing industry. Robotized manufacturing has an increasing role 

in production, and it is applied widely in automotive, and other industries. 

Reliability in automated factories at component and material level has been well researched 

and documented. Often power electronics converters of industrial robots are designed with 

reliability margin, expecting the highest possible load. This reduces risk of manufacturing 

downtime due to equipment defects. 

Similar to energy consumption reduction through robotic system level analysis, 

improvement of equipment reliability prediction accuracy depends on the application analysis 

as well. Power electronics equipment is the same and it does not depend on the specific robot 

application type – either adhesive application or material handling, although the mission profile 

is different for both tasks. 

Missing methodology for power electronics equipment adjustment for actual load and 

consumption of robotized manufacturing is the main problem, solved through this work. Results 

of the work present new solutions with a scientific novelty. 

Purpose of this PhD thesis work is reliability improvement of equipment for automated 

robotized factories, by development of new methods for development of industrial robot 

systems and applications. 

Study is expected to improve accuracy of reliability prediction for industrial robot 

manufacturing systems, improving lifetime predictions and providing data for maintenance 

scheduling of robotized applications. 

The main hypothesis is that the accuracy of automated robot manufacturing system 

reliability estimations can be improved by considering application-specific parameters. 

Robotized equipment costs can be reduced on the basis of system hardware layout and mission 

profile. 
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1.4. Dissemination of Results 

Scientific novelty of the research presented through this work and the main results are listed 

below. 

1. Evaluation of the main reliability differences between alternating current (AC) and 

direct current (DC) supplied industrial robot systems. 

2. Development of a model for power electronics wear estimation depending on robot 

program and application. 

3. New analysis method which expands previously researched energy efficiency study 

with robot power electronics modules temperature and lifetime evaluation. 

4. A lifetime model has been created with an intention of integration in virtual 

commissioning software. 

Analysis of robotized manufacturing systems should consider reliability, as repetitive load 

damage wear is application specific, dependent on mission profile, robot tool weight and robot 

hardware layout. In addition, reliability of robot motor drive inverter transistors is linked to 

electrical energy consumption of the mission profile. 

Applications of the study results include a wider range of inverter lineup, reducing costs 

and increasing market share. Integration of wear estimation model in virtual commissioning 

software is a highly valued novelty. Predictive maintenance schedule based on mission profile 

analysis allow to reduce lifetime damage and recognize any hardware with especially high 

predicted damage. 

Future work is to improve model accuracy and performance. Addition of new system 

components to reliability tool. 

Related research of the author has been published and presented 8 times in international 

conferences or scientific journals. See list of related author’s publications, disseminating the 

research results and conclusions:  

1. Šenfelds, A., Bormanis, O., Paugurs, A. Modelling of AC/DC Power Supply Unit for DC 

Microgrid. In: 2015 IEEE 3rd Workshop Advances in Information, Electronic and Electrical 

Engineering (AIEEE 2015) Proceedings, Riga, 2015.  Place: IEEE, 2016, pp. 1-4. ISBN 978-

1-5090-1202-2. e-ISBN 978-1-5090-1201-5. Available from: doi: 

10.1109/AIEEE.2015.7367294. 

2. Bormanis, O. Development of energy consumption model for virtual commissioning 

software. In: 2015 56th International Scientific Conference on Power and Electrical 

Engineering of Riga Technical University (RTUCON) Proceedings, Riga, 2015. Place: 

IEEE, 2015, pp. 1-4. ISBN 978-1-5090-0334-1. e-ISBN 978-1-4673-9752-0. Available 

from: doi:10.1109/RTUCON.2015.7343139. 

3. Senfelds, A., Vorobjovs, M., Meike, D., Bormanis, O. Power smoothing approach within 

industrial DC microgrid with supercapacitor storage for robotic manufacturing application. 

In: 2015 IEEE International Conference on Automation Science and Engineering (CASE) 

Proceedings, Gothenburg, 2015. Place: IEEE, 2015, pp. 1333-1338. e-ISBN 978-1-4673-



 

11 

 

 

 

8183-3. ISSN 2161-8070. e-ISSN 2161-8089. Available from: doi: 

10.1109/CoASE.2015.7294283. 

4. Šenfelds, A., Bormanis, O., Paugurs, A. 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) 

Proceedings, Riga, 2016. Place: IEEE, 2016, pp. 1-4. ISBN 978-1-5090-3732-2. e-ISBN  

978-1-5090-3731-5. Available from: doi: 10.1109/RTUCON.2016.7763140. 

5. Bormanis, O., Ribickis, L. Accelerated Life Testing in Reliability Evaluation of Power 

Electronics Assemblies. In: 2018 IEEE 59th International Scientific Conference on Power 

and Electrical Engineering of Riga Technical University (RTUCON 2018), Proceedings, 

Riga, 2018. Place: IEEE, 2019, pp. 1-5. ISBN 978-1-5386-6904-4. e-ISBN 978-1-5386-

6903-7. Available from: doi: 10.1109/RTUCON.2018.8659911. 

6. Bormanis, O., Ribickis, L. Review of Burn-In for Production of Reliable Power Electronic 

Applications. In: 2019 IEEE 60th International Scientific Conference on Power and 

Electrical Engineering of Riga Technical University (RTUCON 2019) Proceedings, Riga, 

2019. Place: IEEE, 2020, pp.1-7. ISBN 978-1-7281-3943-2. e-ISBN 978-1-7281-3942-5. 

Available from: doi: 10.1109/RTUCON48111.2019.8982357. 

7. Bormanis, O., Ribickis, L. Power Module Temperature in Simulation of Robotic 

Manufacturing Application. Latvian Journal of Physics and Technical Sciences. 2021, 

vol.5., no.4, pp.3-14. ISSN 0868-8257. e-ISSN 2255-8896. Available from: 

doi:10.2478/lpts-2021-0029. 

8. Bormanis, O., Ribickis, L. Mission Profile based Electro-Thermal Model of Robotic 

Manufacturing Application. In: 2021 23rd European Conference on Power Electronics and 

Applications (EPE’21 ECCE Europe) Proceedings, Ghent, 2021. Place: IEEE, 2021, pp. 1-

6. ISBN 978-1-6654-3384-6. e-ISBN 978-9-0758-1537-5. Available from: doi: 

10.23919/EPE21ECCEEurope50061.2021.9570547. 

Hypothesis of this work are supported by research presented in sections 2, 3 and 4. Section 

2 is a modeling stage of the study, presenting the developed mechatronic translation from robot 

language code to lifetime estimation. Industrial robot electrical cabinet hardware layout options 

are evaluated and compared in Section 3, and Section 4 investigates various available methods 

to estimate reliability of the robotized manufacturing hardware. 

Thesis sections align with the modeling, assessment and enhancement stages of the study. 

Results and conclusions are presented within each section and in a summary at the end of this 

work. Data tables, plots and visualizations with large dimensions are included in the appendices 

of this thesis.   
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2. LIFETIME CONSUMPTION MODEL 

Parameters of electrical components are defined by operation specification of the 

equipment. Maximal values are selected considering required derating of the components to 

comply with the predicted field life stress level. Harsh environment, difficult accessibility, high 

downtime costs, are some of the factors which demand endurance from electronic designs.  

 As the customer requires reliable electronics, at the same time a requirement to decrease 

cost and therefore absolute maximum values of materials is existing from the manufacturer. 

Cost efficiency is considered during design and manufacturing, and mission profile data has 

high value to provide knowledge and understanding of expected field stress. 

This study attempts to estimate lifetime of semiconductor switch through realistic computer 

model analysis of field life mission profile data. Junction temperature of isolated gate bipolar 

transistor (IGBT) is estimated for each of industrial robot axis drive inverters from the robot 

energy consumption data of model. Junction temperature swings contribute to IGBT 

degradation due to thermal expansion coefficient mismatch of the adjacent materials. Total 

fatigue damage is estimated by Palmgren-Miner linear damage hypothesis. To evaluate 

reliability improvement concepts, a highly detailed model of the hardware is required.  

Background of the developed model and specifics of the industrial robot modeling in 

automotive industry and are reviewed at section 2.1. Section 2.2 contains detailed description 

of six degree of freedom (6-DoF) KUKA AG (KUKA) industrial robot mechatronic model, 

translating robot language code to energy consumption. Addition of the developed thermal and 

lifetime estimation model is presented in section 2.3.  

2.1. Modeling Principles, Background of the Model 

VCS tools from various industry leaders such as Delmia Robotics (Dassault Systemes) [4], 

RobotStudio (ABB) [5], Kuka.sim (KUKA) [6] enable simulation of process flow and robot 

trajectories during development phase of the production cell. Such virtual tools generate robot 

movement code from the user supplied robot program code. If the launched virtual machine 

plugin [7] of given VCS includes vendor-specific robot control simulation (RCS) module, then 

the output simulated trajectory is expected to match with actual movement trajectory and timing 

on site, with the same robot program code. See differences in trajectory planning between 

generic path planner and RCS module in Fig. 1 (b). Realistic Robot Simulation (RRS) as a 

product extension provides support to simulation software connection to manufacturer’s RCS 

module, enabling connection between VCS and RCS module, as shown in Fig. 2.1 (a). 
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a) b) 

Fig. 2.1 (a) sample RRS providing support of RCS to VCS [6], (b) example of trajectory 

differences, between Robcad Motion Planner (MOP) and KRC1 RCS [8]. 

 

With the support of VCS including RCS modules, simulated robot trajectory is highly 

realistic and can be uploaded on actual hardware with minor modifications, while the simulated 

mission profile can be used as an input data for further manufacturing hardware related 

calculations and estimations. 

Availability of a realistic mission profile provides valuable input data for energy 

consumption models. Consumption data of industrial robots and other significant energy 

consumers are provided to the engineering team for analysis, for example, to adjust robot profile 

timings or tool application schedule in an attempt to decrease peak currents of the supply circuit. 

Simulation model presented in this work is based on output trajectories of KUKA RCS 

module, extending the available tools not only to provide energy consumption data, but to 

estimate lifetime of IGBT power modules based on mission profile for each supplied program 

in KUKA robot language (KRL), as shown in Fig. 2.2. 

 

 

Fig. 2.2. KRL code example from adhesive bonding application, defining movement of robot. 

 

In the automotive industry life cycle of industrial robot program is predicted up to 7 years 

within continuous production. Slight energy efficiency improvements introduce significant 

energy consumption reduction over long term operating period. Industrial robot energy 

consumption tools are valuable for cost-effective multi-robot manufacturing scheduling and 

trajectory planning, providing feedback to engineering team.  
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Data of the developed simulation tool is suited for analysis of reliability engineers, allowing 

to evaluate long-term performance of the system and relationship between energy efficiency o 

of the mission profile and reliability of hardware. Estimation of industrial robot inverter 

semiconductor module lifetime consumption (LC) from robot program code is a novelty 

presented through this work. Since mechanical and electrical data of the robot are known from 

verified model, and trajectory generation is supported by RCS module, junction temperature 

and total fatigue damage can be estimated through analysis of mission profile data.  

There are several factors which affect energy consumption of an industrial robot. Robot 

movement is defined by kinetic energy, therefore parameters of Eq. (2.1) are significant to 

energy consumption. As the energy consumption of robot and remaining lifetime of hardware 

is expected to have a predicted relationship, there factors are estimated to impact reliability of 

the hardware as well.  

𝐸K =
1

2
𝑚𝑣2 (2.1) 

where: 

𝐸K – kinetic energy of the robot [J], 

𝑚 – total mass of the robot, including tool and load [kg], 

𝑣 – velocity of the robot axis [m/s]. 

Firstly, more agile robot programs such as handling, clinching, spot-welding, include fast 

acceleration to arrive at the next processing point quickly, while slower programs such as 

painting or adhesive bonding are limited by process quality requirements and robot is moving 

slower. Higher velocity and steep acceleration profile result in increased power consumption 

peaks, and due to increased kinetic energy, recuperated power peaks during regenerative 

braking are increased as well, compared to slower robot programs.  

Mass is the second parameter of Eq. (2.1), and it is known that moving larger mass requires 

more energy, which applies for robot applications as well. While mass of the robot is defined 

by manufacturer, robot tool mass or mass with tool and load combined may vary significantly 

and is customer introduced. Higher mass will increase power consumption, while lower mass 

will decrease it.  

As the degradation of components is expected to be energy consumption dependent, it is 

predicted that increased thermal loading from larger power peaks will accelerate bond wire and 

solder joint wear out of the power electronics modules. 

2.2. Mechatronic Model of KUKA 6-DoF Industrial Manipulator 

Industrial robot cabinet (see Fig. 2.3 (a)) is simulated in the model not only to provide data 

from mechanical operation and movement, but also to include electric circuit and electrical 

processes. This stage of model includes an inverter KUKA Servo Pack (KSP) and rectifier 

KUKA Power Pack (KPP) losses, stored energy change in DC bus capacitor capacitance, brake 

chopper status and dissipated power, DC bus voltage, motor current, and others. Simulated 

industrial robot electric hardware layout is a rectifier-inverter multiple PMSM drive system 
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with DC link. It includes brake chopper for overvoltage protection and optional external 

capacitance for storage of regenerated energy. 

 

 

 

(a) (b) 

Fig. 2.3. Simplified industrial robot electrical circuit layout with single power supply and 

brake chopper to dissipate regenerated energy (a). Model supports a 3D visualization 

including the robot computer aided design file provided by the manufacturer (b). 

 

Robotics Toolbox for MATLAB [9, 10] is a software tool on which virtual model of robot 

mechatronic hardware and further transformations to electrical power losses is based. Toolbox 

supports differential motion, 3-dimensional (3D), 2-dimensional (2D) transformation functions, 

being involved in data processing to obtain torque values through robot movement.  

While the Robotics Toolbox, which is at the core of robot mechanical model, supports 

simplified graphics and dynamic models, more realistic 3D visualization tool has been 

integrated in the model, for detailed analysis of robot movement through time and operating 

space. It simulates actual 3D model of robot (see Fig. 2.3 (b)) and follows the path, generated 

earlier by the vendor specific RCS module. 

Robot cabinet current consumption profile reveal peaks during robot acceleration and 

periods of no consumption during regenerative braking, as robot motors supply energy to DC 

bus during deceleration. During spot welding (see Fig. 2.4) or other static operation point, robot 

axis motors hold the position with relatively small power consumption. In shorter processing 

times following a deceleration this consumption is expected to be completely or partially 

supplied from energy stored in capacitance during regeneration. Standstill current depends on 

load of each axis. 
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Fig. 2.4. Cabinet current consumption from AC grid during sample six processing points of 

sample spot-welding program. 

 

There is one inverter circuit for each of robot axis motors, to provide electrical power for 

its operation, as shown in Fig. 2.5. See data of KUKA industrial robot inverters in Appendix C. 

Inverters are arranged by rated current through channel in two KSP units with rated current 40A 

for more demanding axis 1-3 and rated current 20A for less demanding motors of axis 4-6. 

Larger current consumption for axis 1-3 is expected, as they support most of the robot weight, 

while axis 4-6 mostly are considered for fine-tuning of the movement and control of approach 

angle.  

 

 

Fig. 2.5. Power supply circuit of KUKA industrial robot cabinet and robot motors. 

 

Background mathematical model of industrial robot axis motor losses is reviewed in section 

2.2.1 and section 2.2.2. It includes relevant variables, symbol descriptions and computation 

equation. Equations are arranged by execution order, starting from motor winding losses, 

torques, up to final total electrical power consumption of robot permanent magnet synchronous 

motors (PMSM). Rated values of the mechatronic model components are provided to the study 

by Daimler AG team and are considered actual or highly probable. Inverter and rectifier losses 

are evaluated in more detail at section 2.2.3. Final section of this chapter, section 2.2.4. provides 

an insight to energy flow computation of DC bus, considering previously calculated power 

losses. 
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2.2.1. Data of PMSM Torque 

 

Robot movement trajectory for the model is generated from KRL code by RCS module, 

specific for KUKA robots. File with values of axis position (in degrees) is output of the robot 

movement path simulation. Array of motor position data for each axis through robot program 

is illustrated in Fig. 2.6. Derivative of the position data line in graph leads to axial velocity of 

the motor. Maximal and minimal values of motor axial displacement is limited through control 

methods.  

 

 

Fig. 2.6.  Joint space movement of each robot axis during sample robot program, as generated 

by computer model.  

 

Input data of robot trajectory is sampled with 12ms intervals, therefore 0.6 second 

movement includes 50 data points of robot axis angular location. Calculations are loop based, 

and two data points (current and subsequent) are processed during a single loop. Variables 

considered in this section are: 

𝑠 – distance change between data points [rad], 

𝑡 – time difference between data points [s], 

fricv
 – viscous friction torque [Nm], 

fricc
 – coulomb friction torque [Nm,] 

JM – inertia moment torque [Nm], 

motornofriction
 – torque on motor shaft [Nm], 

gear – axis gear torque [Nm], 

data – torque data of robot motors [Nm], 

data – input array of robot axis position [rad], 

𝐼m – phase current of robot motors [A], 

𝑃m – power consumption of robot motors [W], 

𝑞𝑑datam
 – rotational speed of motor shaft [rad/s], 

𝑞𝑑data – average rotational speed of robot axis of each loop iteration [rad/s]. 
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A series of parameters from the model are hardware dependent and are not affected by the 

robot application type, either defined as constants or calculated from the defined constant 

variables. There parameters are: 

N – rated motor torque [Nm], 

𝐼N – rated motor current [A], 

𝑘t – torque constant [Nm/A], 

𝑅axis – Gear reduction ratio of each motor. 

Average rotational speed of robot axis of each loop iteration is calculated as shown in Eq. 

(2.2). 

𝑞𝑑data =
𝑠

𝑡
=

(𝑑𝑎𝑡𝑎i+1 − 𝑑𝑎𝑡𝑎i)

(𝑡i+1 − 𝑡i)
 

(2.2) 

 

Rotational speed of motor shaft is calculated considering gear reduction ratios of each 

motor, according to Eq. (2.3). 

𝑞𝑑datam
= 𝑞𝑑data ∗ 𝑅axis (2.3) 

Torque data array is formed considering torque on motor shaft and various torque losses, 

see Eq. (2.4). Torque values are calculated through application of inverse dynamic model, 

output of which is a data array. 

data = motornofriction
+ fricv

+ fricc
+ JM + gear (2.4) 

Multiple torque losses are included in model for improved accuracy, including mechanical 

stress resistance of oil in gearboxes, inertia moment, and others. 

Power consumption of robot motors is calculated as a multiplication result from previously 

obtained motor torques and motor shaft rotational speed, see Eq.(2.5) 

𝑃m = data ∗ 𝑞𝑑datam
 (2.5) 

Sample welding program was simulated with RCS module and processed through Robotics 

Toolbox integrated in model. Output torque values through the robot program duration are 

shown in Fig. 2.7 and are input to further calculation. Axis 1-3 show higher torque values, as 

they support more mass through movement, while axis 4-6 (see complete Axis 1-6 data in 

Appendix D) support less mass of the robot and load. 

 

 

Fig. 2.7.  Torque translation for each of six degree of freedom industrial robot servo motors 

through simulated sample welding program. 
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Detailed mass and dimension adjustment options for tool of the robot are available, such as 

mass center and tool weight. Changing these options affect the instantaneous motor torque 

values – increasing tool mass increase energy consumption and vice versa, as mentioned earlier.  

Friction, inertia, gear losses are all considered and calculated in mechanical model of the 

robot, where translated torque through robot movement is an input parameter [11]. Model 

includes mass data for robot links of multiple robot types, therefore simulation is not limited to 

single robot model.  

Torque constant is calculated according to Eq. (2.6). 

𝑘t =
N

𝐼N
 (2.6) 

 

2.2.2. Data of PMSM Power Consumption 

 

 Phase current of motors is calculated as shown in Eq. (2.7). This equation translates motor 

torques to electrical current consumed or generated by robot motors.   

𝐼m =
data

𝑘t
=

𝐼N

N
(moto𝑟nofriction

+ fricv
+ fricc

+ JM + gear) 
(2.7) 

Value of phase current changes dynamically through the acceleration and deceleration 

cycles during robot movement, as shown in Fig. 2.8. Robot is consuming current through the 

internal DC bus if the current value is positive, and returning recuperated energy to DC bus if 

the phase current is negative. Amplitude of the current value is higher for axis A1−A3, as the 

motors of these axis have the highest load weight, supporting the load and tool weight.  

 

 

Fig. 2.8. Phase current of robot motors during sample robot program.  

 

As presented earlier in this section, input of electrical model is torque of robot motors 

through movement time with included hardware mechanical losses of the selected robot. After 

translation from torque to current consumption, various electrical power losses are calculated. 

Losses considered in this stage of computation model include iron, cable and stator resistive 

losses of PMSM. Variables considered in this section are: 
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𝑃Rs
 – power loss of stator winding resistance [W], 

𝑃Fe – power loss of iron [W], 

𝑃add – power loss of additional miscellaneous losses [W], 

𝑃sum – total electric power consumption of all motors [W], 

𝑃Mel
 – power consumption of each motor with electrical losses [W]. 

Parameters defined as constants or calculated from the defined constant variables are: 

Cu – temperature coefficient for the stator winding material, 


rob

 – efficiency of robot motor [%], 

𝜂madd
 – proportion of additional losses, such as cable losses [%], 

N – rated torque of robot motor [Nm], 

ωN – rated rotational speed of the motor [rad/s], 

𝑘Δadd
 – coefficient of additional losses, 

𝑅s – robot stator winding resistance [Ω], 

𝑃RsN
 – rated power loss of stator winding resistance [W], 

𝑃mN
 – rated mechanical power of motor [W], 

𝑃lossN
 – rated power loss of robot motor [W], 

𝑃addN
 – rated value of additional motor power losses [W], 

𝑃FeN
 – rated iron losses [W], 

𝑇ambient – ambient temperature of robot motors [°C], 

𝑇max – maximal temperature of robot motor [°C]. 

Visual representation of the mentioned losses is shown in Fig. 2.9, where combined 

electrical power consumption of sample robot motor A1, during sample movement, includes 

motor power consumption, iron and stator resistive power losses.  

 

 

Fig. 2.9. Robot motor power consumption structure of single robot axis A1, during sample 

movement, including mechanical power consumption, electrical power consumption, resistive 

power losses of cables and power loss in iron. 

 

Iron losses are robot movement speed dependent, and resistive power losses depends on 

phase current of robot motors. 
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 Electrical losses of stator winding are calculated according to Eq. (2.8).  

𝑅s = 𝑅ref(1 + (𝑇 − 𝑇ref)) = 𝑅s0
∗ (1 + Cu ∗ (𝑇max − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)) (2.8) 

Power losses of stator windings are calculated as shown in Eq. (2.9). 

𝑃Rs
= 3 ∗ 𝐼m ∗ 𝑅s (2.9) 

Rated value of stator winding power losses is calculated as shown in Eq. (2.10). 

𝑃RsN
= 3 ∗ 𝐼N

2 ∗ 𝑅s (2.10) 

 Rated mechanical power of motor is calculated according to Eq. (2.11). 

𝑃mN
= N ∗ 𝜔N (2.11) 

 Rated power loss of robot motor considers rated power and efficiency, see Eq. (2.12). 

𝑃lossN
=

1 − 
rob


rob

∗ 𝑃mN
 (2.12) 

 Rated value of additional motor power losses is calculated as shown in Eq. (2.13) 

𝑃addN
=

𝑘Δadd


rob

∗ 𝑃mN
 (2.13) 

Rated value of iron losses in robot motor core is calculated according to Eq. (2.14). 

𝑃FeN
= 𝑃lossN

− 𝑃addN
− 𝑃RsN

= N ∗ 𝜔N (
1 − 

rob


rob

−
𝑘Δadd


rob

) − 3 ∗ 𝐼N
2 ∗ 𝑅s 

(2.14) 

Moving forward, power losses of iron are calculated according to Eq. (2.15). 

𝑃Fe = 𝑃FeN
∗ (

𝑞𝑑datam

𝜔N
) (2.15) 

Electrical power consumption of each motor with electrical losses is calculated as shown in 

Eq. (2.16). 

𝑃Mel
= (𝑃m + 𝑃Rs

+ 𝑃Fe)(1 − 𝜂madd
) (2.16) 

Total electrical power consumption of robot motors is calculated according to Eq. (2.17), i 

being the number of PMSM axis, from 1 to 6 according to currently developed model. Total 

power consumption includes mechanical and electrical power losses from previous simulation 

steps, combined in single variable, as all of the inverter modules are connected to the same 

internal DC link of robot electrical cabinet. Inverter power losses are added to the computed 

value of electrical power consumption in further computation steps.  

𝑃sum = ∑ 𝑃Mel
(𝑖)

6

i=1

 
(2.17) 

 

Power consumption fluctuates as the robot is accelerating and decelerating, demanding high 

combined power consumption value as all of the robot motors are accelerating, and providing 

a significant amount of power back to DC bus during deceleration as recuperated energy, see 

Fig. 2.10.  
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Fig. 2.10. Combined electrical power consumption of robot motors. 

 

Output result, electrical power consumption of robot motors is ready for further simulation 

steps. Operation parameters and states of the internal DC link still needs to be computed and 

the process is described in the following sections. 

 

2.2.3. Inverter and Rectifier Losses 

 

Inverter and rectifier power losses are calculated considering efficiency and proportion of 

actual equipment load current from rated current. Related inverter and rectifier power losses 

are calculated for each of the robot axis separately. Computation related variables introduced 

in this section are: 

𝐼m – motor consumed phase current [A], 

𝐼recN
 – rated rectifier current [A], 

𝑃rec – power losses of rectifier [W]. 

Parameters defined as constants or calculated from the defined constant variables are: 

𝜂invKSP
 – Efficiency of inverter cooling [%], 

𝜂invIGBT
 – Efficiency of inverter IGBT [%], 

𝜂recKPP
 – Efficiency of rectifier cooling [%], 

𝜂recdiode
 – Efficiency of rectifier diode [%], 

𝐼invN
 – Rated inverter current [A], 

𝐼recN
 – Rated rectifier current [A], 

𝑃recN
 – Rated power consumption of rectifier [W], 

𝑃invN
 – Rated inverter power consumption [W]. 

 Total power consumption of industrial robot includes combined inverter losses of all robot 

axis, as shown in Eq. (2.18). Proportion of actual inverter load and rated inverter load current 

is included in estimation of inverter power losses, which are separated in cooling and IGBT 

related efficiency losses.  
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𝑃sum = 𝑃sum + ∑ 𝑃invN
∗ (𝜂invKSP

(𝑖) ∗ (
𝐼m(𝑖)

𝐼invN

) + 𝜂invIGBT
(𝑖) ∗ (

𝐼m(𝑖)

𝐼invN

)

2

)

6

𝑖=1

 (2.18) 

Power losses, current consumption, rated current – inverter electrical parameters are 

considered per each of robot axis, as each of the axis has independent drive circuit, as shown in 

Fig. 2.11. Single IGBT device (see Fig. 2.11 (c)) as manufactured merges 6 integrated switches 

to support drive of the robot axis PMSM, and has integrated case mount for heatsink assembly, 

as heatsink is shared by the six integrated semiconductor switches. Three of the single-phase 

inverters are grouped into a single drive unit printed circuit board assembly (PCBA) as shown 

in Fig. 2.11 (b). KUKA Servo pack inverter (see Fig. 2.11 (a)) has a massive heatsink, to which 

the full bridge single phase inverters are attached with thermal compound for improved thermal 

contact. 

 

 

 

 

a) b) c) 

Fig. 2.11. Inverter components of robot electric cabinet, including: a) front and rear view of 

KUKA Servo Pack inverter, b) inverter PCBA for 3 robot axes, c) IGBT device with 6 

integrated switches for three phase H bridge motor drive support. 

 

While inverter losses are considered for each axis of robot motor, rectifier losses combine 

the previously reviewed per robot unit and are calculated according to Eq. (2.19). Losses are 

proportional to load current, similar as inverter losses. Rectifier losses are reviewed later in the 

computational model, as DC bus operational parameters must be calculated.  

𝑃rec = 𝑃recN
∗ (𝜂recKPP

∗ (
𝐼m

𝐼invN

) + 𝜂recdiode
∗ (

𝐼m

𝐼invN

)

2

) (2.19) 

 

2.2.4. DC Bus Energy and Power Data 

 

Energy flow and electrical parameters in DC bus of the robot model are calculated in this 

section. DC bus related variables introduced in this section are: 

𝐸act – actual energy state of the circuit [J], 

𝐸motor – anergy consumption of motors and inverters [J], 

𝐸DCbus
 – energy consumption through DC bus, including robot motors and inverters [J], 
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𝐸total – total energy consumption of the computation cycle in model [J], 

𝑖 – incremental computation index of for-to loop, 

𝐼 – DC bus current, consumed from AC grid [A], 

𝐼(1) – initial current of DC bus [A], 

𝐼msum
 – combined current consumption of robot motors [A], 

𝑃DCbus – power consumption of the DC bus chopper and balancing resistors [W], 

𝑈 – DC bus voltage [V], 

𝑈(1) – initial voltage of DC bus [V], 

𝑈ripple – voltage ripple of rectifier output [V]. 

Parameters defined as constants or calculated from the defined constant variables are: 

𝛽cap – constant of capacitor passive balancing circuit resistance calculations [Ω*F], 

𝐶add – capacitance connected to DC bus externally [F], 

𝐶robdefault
 – internal capacitance of inverter input, rectifier output [F], 

𝐶 – capacitance of DC bus [F], 

𝐷ch – duty cycle of brake chopper connecting switch [%], 

𝑓 – frequency of the rectifier output voltage AC component [Hz], 

𝑅ch – resistance of brake chopper [Ω], 

𝑅bal – resistance of capacitor voltage balancing [Ω], 

𝑡 – time step of the computational model [s], 

𝑈chh
 – voltage threshold of brake chopper connection [V], 

𝑈norm – rated DC bus voltage [V]. 

 DC bus voltage and current of the initial state is calculated from the total electrical power 

consumption of all motors, including inverter losses as shown in Eq. (2.20). 

𝐼(1) =
𝑃sum(1)

𝑈(1)
 (2.20) 

Data of PMSM electrical power consumption was sampled with a time step of 12ms through 

mechanical model. This variable is an input to the electrical model and is therefore interpolated 

to 1ms time steps for increased accuracy. Basis of the DC bus energy model is constructed as a 

for-to loop, continued until the end of total electrical power consumption data, at the end of the 

robot mission profile. As initial state is defined with i=1, computation is continued starting from 

loop index i=2. 

Actual energy of the DC bus is calculated at the beginning of each cycle, as shown in Eq. 

(2.21). Initial state of DC bus capacitor capacitance is fully charged, and the state of charge 

varies according to the voltage in previous computation cycle. 

𝐸act(𝑖) =
𝐶 ∗ 𝑈i−1

2

2
 (2.21) 

 Energy consumption of motors and inverters is calculated as shown in Eq. (2.22). 

𝐸motor(𝑖) = 𝑃sum(𝑖) ∗ 𝑡 (2.22) 
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 Operation modes of the model is controlled by DC bus voltage of the previous cycle. At 

initial stage motors of robot are supplied from AC grid, as the alternative energy source 

(capacitors) are not sufficiently charged. Combined current supplied to robot motors is 

calculated as shown in Eq. (2.23).  

𝐼msum
=

𝑃sum(i)

𝑈i−1
 (2.23) 

Total capacitance of the DC bus is a combination of internal capacitance connected at the 

inverter and rectifier, and an optional external capacitance connected by engineer at the 

production site, see Eq. (2.24). 

𝐶 = 𝐶add + 𝐶robdefault
 (2.24) 

Value of passive balancing resistance is selected according to [12], as shown in Eq. (2.25). 

𝑅bal =
𝛽cap

𝐶add
 

(2.25) 

In case of additional capacitance, energy dissipated in the process of passive voltage 

balancing of capacitors is calculated as in Eq. (2.26). 

𝐸bal(𝑖) =
𝑈i−1

2

𝑅bal
∗ 𝑡 (2.26) 

As current consumption of robot motors is increasing, ripple voltage increases as well. It is 

calculated according to Eq. ( 2.27). 

𝑈ripple =
𝑈norm

12 ∗ 𝑓 ∗
𝑈i−1

𝐼msum

 ∗ 𝐶
 

(2.27) 

DC bus voltage of the following computation cycle is calculated as shown in Eq. (2.28). It 

is a result of computations presented in previous equations, and considers various operation 

states of the DC bus, such as capacitor charge, discharge, brake chopper activation. 

𝑈(𝑖) = 𝑈norm − 𝑈ripple (2.28) 

During operation ripple voltage is calculated, depending on motor power consumption as 

one of impact factors. As the robot accelerates and motor phase current is increased, ripple 

voltage increases as well. As the robot decelerates and recuperation energy is returned to DC 

bus, voltage is increasing as well. Voltage increase is limited by threshold voltage, at which 

brake chopper resistance is connected, resulting in a voltage decrease. DC bus voltage dynamics 

through computation of sample robot program is shown in Fig. 2.12. 
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Fig. 2.12. DC bus voltage during sample movement. 

 

As PMSMs and inverters robot are consuming from AC grid through DC bus, electrical 

energy consumption is calculated as in Eq. (2.29). 

𝐸DCbus
(𝑖) = 𝐸motor(𝑖) (2.29) 

 Energy is not supplied from the AC grid either if the robot is decelerating and enters 

regenerative mode (𝑃sum(𝑖)<0) or the charge in capacitors is capable to supply the consumption 

of robot motors and DC bus voltage is above rated value. 

 If brake chopper resistance is connected it dissipates the recuperated energy of robot motors, 

as the resistance connection is controlled by duty cycle. Conditions of connection include 

completely charged capacitors and DC bus voltage above the threshold value. Dissipated energy 

is calculated as in Eq. (2.30) . As the dissipated energy exceeds the recuperated energy of robot 

motors, capacitor is slightly discharged before disconnection of brake chopper resistance. 

𝐸chopper(𝑖) =
𝑈i−1

2

𝑅ch
∗ 𝑡 ∗ 𝐷ch (2.30) 

  As amount of recuperated energy continue to increase above dissipation rate of fully 

connected brake chopper, dissipated energy is calculated as shown in Eq. (2.31). 

𝐸chopper(𝑖) = 𝐸act −
𝐶 ∗ 𝑈chh

2

2
− 𝐸motor − 𝐸bal (2.31) 

 During the recuperation and energy dissipation on brake chopper no energy is supplied from 

AC grid, therefore energy consumption of DC bus from AC grid is as in Eq. (2.32). 

𝐸DCbus
(𝑖) = 0 (2.32) 

Total energy consumption of the computation cycle is calculated as shown in Eq. (2.33). 

𝐸total(𝑖) = 𝐸act(𝑖) − 𝐸motor(𝑖) − 𝐸chopper(𝑖) − 𝐸bal(𝑖) (2.33) 

Model DC bus voltage for the scenario of energy not being consumed from AC grid is 

calculated each cycle, according to Eq. (2.34). 

𝑈(𝑖) = √
2 ∗ 𝐸total(𝑖)

𝐶
 

(2.34) 
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Current value supplied to DC bus through rectifier in the computation model is calculated 

during each iteration of the cycle, according to Eq. (2.35). It considers energy state of the DC 

bus, which is calculated from electrical power consumption of the motors. 

𝐼(𝑖) =
𝐸DCbus

(𝑖)

𝑈(𝑖) ∗ 𝑡
 

(2.35) 

Current change in time during sample robot program is shown in Fig. 2.13. As the current 

is inverse to voltage, higher current will correspond to a lower DC bus voltage, likely during 

brake chopper connection, or robot acceleration. During recuperation no current is consumed 

from AC grid. 

 

 

Fig. 2.13. Current supplied from AC grid to DC link through rectifier. 

 

Power consumption of the DC bus chopper and balancing resistors is calculated according 

to Eq. (2.36). 

𝑃DCbus
(𝑖) =

𝐸DCbus
(𝑖)

𝑡
 

(2.36) 

Computation loop ends with addition of rectifier losses to total power consumption, see Eq. 

(2.37). As there is a single rectifier unit per robot, internal DC link and robot motors are supplied 

through it.  

𝑃DCbus = 𝑃DCbus + 𝑃rec (2.37) 

Power consumption graph (see Fig. 2.14) reveals amount of power supplied to some of the 

major electrical cabinet components. Rectifier, inverter and other efficiency losses form the 

difference of motor and grid power consumption. Electrical energy stored in capacitor reveal 

how recuperation energy is stored in the capacitance, and how excess power is dissipated in 

brake chopper resistance. Sample movement includes two standstill points at 2nd and 7th 

second. 
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Fig. 2.14. Power consumption of motors, brake chopper resistance and capacitor through 

sample movement with 2 standstill points. 

 

2.3. Estimation of Junction Temperature and Thermal Wear 

Code is translated to movement, which is an input to inverse kinematics model of Robotics 

Toolbox, therefore providing data of robot axis placement and velocity. Mechanical losses are 

translated to electrical power losses. Voltage and current estimations are computed. The 

developed model is designed considering requirement to return computed data to virtual 

commissioning software (VCS), through application programming interface (API).  

Translation of robot program code to IGBT module junction temperature and thermal wear 

data is managed through the previously described and developed computation model, as shown 

in Fig. 2.15.   
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Fig. 2.15. Computation flow of translating mechanical data to electrical parameters in the 

computer model, extended with thermoelectrical calculations of IGBT operation 

 

Mission profile for inverter IGBT junction temperature estimation is considered power 

consumption of motors including inverter power losses. Power is translated from DC bus 

voltage and current consumption of the robot axis motor, as the current is supplied through 

IGBT modules of the inverter. Power losses are input power dependent, see Fig. 2.16 (b). 

 

 
 

(a) (b) 

Fig. 2.16. Mission profiles of inverters for six robot axis motors (a). Drive unit inverter IGBT 

losses as a function of input power per robot axis (b). 
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As the robot is following the programmed KRL code, mission profile for each of robot 

motors is expected to differ even through the executed program is the same. Different industrial 

applications of the robot change acceleration or deceleration slopes, program duration, 

acceleration cycles, and other factors, therefore changing the mission profile, which for sample 

motor current consumption of A1 robot axis is sampled with step size in milliseconds (see Fig. 

2.16 (a)). 

Section 2.3.1. provides an insight to computation of IGBT junction temperature in the 

developed model, as a translation from motor phase current mission profile. Application of 

fatigue estimation principles from the estimated junction temperature data is described in 

section 2.3.2. Factors affecting temperature and fatigue are analyzed in section 2.3.3. 

 

2.3.1. Junction Temperature of IGBT Modules 

 

Data of inverter performance is evaluated in current model to estimate lifetime of IGBT 

modules. Increased power consumption through robot operation leads to higher inverter 

currents, which result in higher currents and also losses at IGBT as shown in Fig. 2.16 (b).  

Standards for terminology, essential ratings and other relevant information of IGBTs is 

specified by IEC 60747-9. In scope with this standard, junction temperature is in the junction 

region of a semiconductor chip. It is more correctly termed "virtual junction temperature", as it 

is not exact junction temperature of one of the chips in the module [13]. Junction temperature 

of inverter IGBT modules is estimated in this section.  

Motor phase current is supplied to collector of IGBT. It is supplied through multiple parallel 

and redundant wire-bonds to die of the module. IGBT is controlled through gate current 

supplied to die, and main output is at the emitter. In the thermal resistance chain, junction 

temperature is the first level, where wire-bond is connected to die of semiconductor.  

 

 

Fig. 2.17. Thermal impedances of sample IGBT module from wire-bond to heatsink. 

 

Thermal impedance of IGBT module combines a series of internal layer impedances as 

shown in Fig. 2.17, heat flowing from junction temperature through stack-up of module, until 
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case temperature. Thermal impedance of heatsink will affect the heatsink temperature, which 

is considered constant in this model, due to active cooling.  

In the developed model electrical power losses and temperature values are being averaged 

at millisecond level, as the focus of study is to provide initial feedback to robot program 

developers at VCS. Inverter unit is assumed to be a completed product, which parameters are 

not expected to be reviewed in detail during this study. 

Current model does consider the anti-parallel diode integrated in IGBT module package, 

thermally linked to IGBT semiconductor switch. Power losses of inverter IGBT and anti-

parallel diode are averaged through the switching cycles within a step of 12ms (0.012s) which 

may include several cooling and heating cycles of the inverter. 

 

 

Fig. 2.18. Sample power circuit diagram of three phase bridge inverter, based on IGBT 

semiconductor switches [14]. 

 

Electro-thermal model of IGBT module has been developed to support further translation 

of mission profile data to instantaneous electrical power losses and junction temperature of the 

semiconductor module [15]. There are six PMSM motors for six degree of freedom industrial 

robot. Each of motors is supplied by three phase inverters, including a pair of IGBT modules 

per each phase (see Fig. 2.18). Six modules are considered equal and electrical load is applied 

equally between the three phases. 

Junction temperature of inverter IGBT modules is estimated in this section. Variables used 

in computations include: 

𝐼m – PMSM current supplied through inverter [A], 

𝑃 – inverter semiconductor module power loss [W], 

𝑃inv– inverter power consumption [W], 

𝑡prog – KRL robot program duration [s], 

𝑇j – inverter semiconductor power module junction temperature [°C]. 

 Parameters defined as constants or calculated from the defined constant variables are: 

 𝛽1 – translation parameter of IGBT and anti-parallel diode thermal impedance, 

 𝛽2 – constant translating losses from 6-pack module level to a single device, 
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i – time sampling interval [s], 

𝑇a – ambient temperature of robot hardware cabinet [°C], 

𝑍thj−c
 – junction to case thermal impedance of semiconductor module [°C/W], 

𝑍thc−h
 – case to heatsink thermal impedance of semiconductor module [°C/W], 

𝑍thh−a
 – heatsink to ambient environment thermal impedance [°C/W]. 

IGBT module package must be durable and reliably dissipate the power losses, withstand 

high junction temperature. Power losses of each IGBT module 6-package is calculated 

according to Eq. (2.38). In this model switching losses and conduction losses are not considered 

separately.   

𝑃invIGBT
= 𝑃invN

 ∗ 𝜂invIGBT
(

|𝐼m(𝑖)|

𝐼invN

)

2

 (2.38) 

Proportion of inverter IGBT losses related to total power losses during inverter operation is 

shown in Fig. 2.19. Other inverter losses include miscellaneous power losses of KSP, not related 

to IGBT operation. 

 

 

Fig. 2.19. Computed power losses of A1 robot axis inverter and power loss of IGBT 

module switches. 

 

In the developed electro-thermal model, ambient environment and heatsink temperatures 

are stabilized by forced airflow. Thermal transient process is ignored in this computation. In 

this initial study, heatsink temperature is considered constant due to active cooling. Power 

losses of IGBT is the power which is dissipated in module and therefore directly influence 

junction temperature change in time, as shown in Eq. (2.39).  

𝑇j(𝑡) = 𝑃invIGBT
(𝑡) ∙ (𝑍thj−c

+ 𝑍thc−h
+ 𝑍thh−a

) + 𝑇a(𝑡) (2.39) 

As the investigated module combines six IGBT modules in single package, division of 

power by number of embedded IGBT modules is required, to estimate dissipated power of 

single-phase switches. Thermal impedances of the module from junction to ambient 

environment are required for junction temperature calculation. Total thermal impedance of the 

inverter system is calculated according to Eq. (2.40). 
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𝑍thSUM
= 𝑍thj−c

+ 𝑍thc−h
+ 𝑍thh−a

 (2.40) 

Model is expected to provide initial estimate of junction temperature, therefore estimation 

method from maximal junction temperature of IGBT is selected for computation of combined 

thermal resistance. Thermal resistance of the robot axis 1-3 drive inverter system is calculated 

from the maximal junction temperature data of IGBT semiconductor switch as in Eq. (2.41). 

𝑍thSUMIGBT
=

𝑇j,IGBTmax
− 𝑇a

𝑃lossmax
 

 (2.41) 

As the estimated combined thermal resistance is computed, junction temperature estimation 

equation is transformed to Eq. (2.42), depending on the thermal impedance, power losses and 

ambient temperature. Equation is adjusted to IGBT semiconductor switch and diode junction 

temperature, as shown later in Eq. (2.45) and Eq. (2.46). 

𝑇j(𝑖) = 𝑃IGBT ∗ 𝑍thSUM
+ 𝑇a (2.42) 

Hardware selection variation options is a problem for the developed model, as selection of 

any specific values would limit the model to use cases for specific manufacturer, specific units. 

Workaround for this situation is an introduction of multiplier 𝛽1 (see Eq.2.43, Eq.2.44), 

averaged from IGBT and anti-parallel thermal inertia data comparison of 7 various SKiiP IGBT 

modules (see Table 2.1).  

𝑍thSUMIGBT

𝑍thSUMd

=
1

𝛽1
 →  𝑍thSUMd

= 𝑍thSUMIGBT
∗ 𝛽1  (2.43) 

It should be noted, that using datasheet value in the computation model does not guarantee 

precise results, due to production process and aging effect introduced variations [16]. 

Table 2.1. 

Parameters of Infineon SKiiP IGBT six-pack modules 

 
 [K/W] [K/W]  

i P/N 𝑅thIGBT
(i) 𝑅thd

(i) 𝛽1 

1 27AC066V1 0.75 1.2 

1.444 

2 13AC12T4V1 1 1.52 

3 15AC065V1 1.05 1.5 

4 26AC126V1 0.5 0.7 

5 25AC12T4V1 0.71 0.95 

6 28AC12T7V1 0.65 0.85 

7 23AC12Y4V1 1 1.52 

 

𝛽1 =
1

7
∑

𝑅thd
(𝑖)

𝑅thIGBT
(𝑖)

7

𝑖=0

 (2.44) 

 

IGBT switch and anti-parallel diode does not conduct current simultaneously, as IGBT 

losses are affected during positive voltage and positive current, while diode losses are dissipated 
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during positive voltage and negative current periods. During current conduction, IGBT 

component junction temperatures are estimated as shown in Eq. (2.45) and Eq. (2.46). 

𝑇jIGBT (𝑖) = 𝑃IGBT ∗ 𝑍thSUMIGBT
+ 𝑇a    

𝑇jd
(𝑖) = 𝑃IGBT ∗ 𝛽1 ∗ 𝑍thSUMIGBT

+ 𝑇a 

(2.45) 

(2.46) 

As the load current is not always rated current, adjustment to range of current values is 

required. Load adjustment is assumed linear by absolute value of motor current and rated 

inverter current comparison. Junction temperature of IGBT module switch and diode with linear 

current adjustment is computed as shown in Eq. (2.47), Eq. (2.48). 

𝑇j,IGBT(𝑖) = 𝑃IGBT ∗ 𝑍thSUMIGBT
∗

𝐼m(𝑖)

𝐼invN

̅̅ ̅̅ ̅̅ ̅
+ 𝑇a (2.47) 

𝑇j,d
(𝑖) = 𝑃IGBT ∗ 𝑍thSUMd

∗ 𝛽1 ∗
𝐼m(𝑖)

𝐼invN

̅̅ ̅̅ ̅̅ ̅
+ 𝑇a (2.48) 

Expanding the thermal impedance and power loss expressions and shortening the repeating 

variables, results in junction temperature estimation equations, see Eq. (2.49) and Eq. (2.50).  

𝑇j,IGBT
(𝑖) =

𝑃invNloss

𝑃invmaxloss

 
𝐼m(𝑖)

𝐼invN

̅̅ ̅̅ ̅̅ ̅
(𝑇j,IGBTmax

− 𝑇a) + 𝑇a (2.49) 

𝑇j,d
(𝑖) = 𝛽1

𝑃invNloss

𝑃invmaxloss

 
𝐼m(𝑖)

𝐼invN

̅̅ ̅̅ ̅̅ ̅
(𝑇j,dmax

− 𝑇𝑎) + 𝑇a (2.50) 

Junction temperature data output by previous calculations are further processed, introducing 

thermal inertia and heating time constant in the model, as shown in Eq. (2.51). Output result is 

a smoother, more realistic temperature profile, as extreme peak values are filtered.  

𝑇j(𝑖) = 𝑇j(i−1)
 + (𝑇j(i)

− 𝑇j(i−1)
 ) ∗ (1 − 𝑒

−
0.012

𝛽2  ) (2.51) 

As the current is held constant for a period of time, temperature attempts to reach a stable 

value as well, however, there is a time delay in the process, due to thermal inertia of the 

hardware system acting as a thermal capacitance. Range of heatsink time constant, considering 

this is an active air-cooled system, is expected to be in range of several 100 seconds, while time 

constant for the IGBT module is estimated around 1 second [17].  

Due to this difference heatsink temperature rise delay affects change of IGBT temperature 

to a small degree. Time constant, the delay of heatsink temperature change is not considered in 

the current translation model due to assumed low impact on IGBT temperature change 

dynamics. 

As the input current is considered a mission profile for the IGBT junction temperature 

computation, sample plot of motor phase current and IGBT junction temperature estimation is 

shown in Fig. 2.20. Junction temperature is estimated both, for anti-parallel diode and the IGBT 

semiconductor switch. Each of the two power switching module components follow different 

load current to junction temperature relationship and operates at different PMSM operation 

states.  
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Fig. 2.20. Change of IGBT module and anti-parallel junction temperature as a function of 

load current 

 

With positive voltage and positive current values (PMSM consumption) IGBT module 

semiconductor switch will conduct the current and its switching and conduction power losses 

heat up the device significantly. As current is negative during PMSM operation in generator 

mode, current path is closed through anti-parallel diodes and semiconductor switch power 

losses become insignificant. IGBT module temperature increases due to power losses of the 

diode. 

 

 

Fig. 2.21. Visualization of A1 robot axis A1 inverter anti-parallel diode and IGBT junction 

temperature and motor phase current relationship during sample movement. Temperature 

during initial and repeated cycles is different at the first part of profile. 

 

Simulation data confirm the relationship (see Fig. 2.21), as increased motor phase current 

through IGBT increase the temperature. Improved accuracy of thermal impedance data will 

improve the accuracy of the model, which is considered as a future improvement, together with 

implementation of IGBT module degradation of thermal performance [18]. 
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2.3.2. Application of Fatigue Estimation Principles 

 

Effect of more structural damage by alternating loads than constant loads of the same 

magnitude was documented by German engineer August Wöhler in the 19th century. It 

generalizes that increased stress amplitude results in decreased number of load cycles to failure, 

and that specific load cycle number of fatigue crack can be found for given stress amplitude.  

Junction temperature data and profile of IGBT modules is an input for further estimation of 

mechanical wear calculations. The main connection between junction temperature and wear is 

difference in thermal expansion coefficient of module materials, as shown in Fig. 2.22. These 

materials include aluminum, copper and others. Materials are changing volume at different rate 

due to heating and cooling, leading to micro-cracks and eventual failure after extensive thermal 

cycling. 

 

 

Fig. 2.22. Internal layers of sample IGBT semiconductor module with thermal expansion 

coefficient and material description [19]. 

 

Some of the common failure modes accelerated by thermal cycling [18] include bond-wire 

and die-attach solder fatigue [20-22]. Bond-wire and die separation due to shear stress (see Fig. 

2.23 (a)), cracking of die-attach solder joint (see Fig. 2.23 (b)), delamination of die-attach solder 

layer (see Fig. 2.23 (c)), as well as rupture of bond-wire or bond-wire heel fracture (see Fig. 

2.23 (d)) are some of the expected failure mechanisms, as shown in Fig. 2.23. Significantly 

degraded die-attach solder joint result in a bond-wire failure [23-24], as solder joint and bond-

wire damage are linked.  In literature Rth increase by 20 %, or an on-state voltage increase by 5 

% is considered as a failure criterion of IGBT [25].  

Time delay of heatsink temperature change is not considered in the current translation 

model. IGBT module wear-out is estimated from junction temperature profile. Differences in 

coefficient of thermal expansion of module materials is leading to microcracks and eventual 

failure after extensive thermal cycling.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 2.23. Mechanical defects causing IGBT field failures - a) shear stress crack at bond-

wire and die junction, b) cracks at die-attach solder layer, c) delamination of die-attach solder 

layer from direct bonded copper (DBC), d) bond wire defects - rupture and heel fracture [26]. 

 

Range, amplitude and mean are characteristics of the load cycle. Range is a subtraction of 

maximum and minimum cycle data point values. Amplitude value is half of the range value. 

Mean is a half of the maximum and minimum data point value sum. Number of cycles in each 

range of load signal (the load spectrum) are counted with one of typical fatigue cycle counting 

methods – Rainflow counting and Markov counting. Rainflow counting is selected as the 

fatigue cycle counting method in this research. Due to hysteresis presence, some cycles may be 

either partially or completely nested in other cycles. Examples of cycle counting method 

applications are presented further in this section.    

Physical quantity defining the excitation of a system or component over time is defined as 

load, torques, strains, displacements, being some of the most common load types. Load half-

cycle is created by a minimum extremum of the profile and a consecutive maximum extremum 

of the profile, or other way around – a maximum extrema followed by minimum extrema, see 

Fig. 2.24 (a). Two consecutive half-cycles form a full-cycle, as shown in Fig. 2.24 (b).  
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a)  b)  

Fig. 2.24. Half-cycle (a) and full-cycle (b) of load profile, including visualization of load 

cycle major characteristics – amplitude, range and mean. 

 

Fatigue is considered a failure mechanism of a particular object under observation caused 

by repeated cycles of stress. Fatigue analysis study accumulation of damage when the object is 

subjected cyclical changes in stress. Cycle amplitudes are below static material strength and 

given enough time cracks in the material are initiated at microscopic scale. Failure is caused as 

the cracks continue to propagate due to application of continuous stress, forming a cumulative 

and unrecoverable damage. Number of cycles until failure depends on amplitude of the cycle. 

Crack initiation, propagation and final fracture are stages of fatigue failure process.    

Not all cyclic stress ranges are causing fatigue failure, as if the range value of cycle is below 

endurance limit, also called a Cutoff threshold, a material failure should not occur, and it is 

concluded that material is safe for operation with respect to damage. Stress values below Cutoff 

threshold does not further propagate existing small cracks (see Fig. 2.25). 

 

 

Fig. 2.25. S-N curve (stress amplitude, number of cycles) or logarithmic Wöhler curve, 

principles of cumulative fatigue damage of load cycle estimation, including cutoff stress [27]. 
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Ultimate tensile strength is the maximal safely withstand able stress range exceeding which 

failure will occur. Stress amplitudes should be kept below endurance limit, away from ultimate 

tensile strength during component design phase. 

As the tensile strength of material is exceeded by the applied load, material surface crack 

initiation occurs weakening the part and being the first stage of fatigue failure. Initial crack 

continues with crack growth stage. Rate of component crack propagation depends on operation 

conditions and environment as increased load and cyclic stress on the surface accelerates the 

growth. Other impact factors include load type, object size, mean and distribution of 

stress/strain, metallurgical factors, material properties and frequency effects. Predicting fatigue 

life is defined according to ASTM E-1049 "Standard Practices for Cycle Counting in Fatigue 

Analysis" standard as a number of stress cycles that a specimen sustains before failure.   

One of methods to determine the number of loading and unloading part fatigue cycles in 

specific application time is "Rainflow Counting". Estimation of load change cycles as a function 

of cycle amplitude is provided by Rainflow counting algorithm. While simple fatigue damage 

calculations are done for cyclical load with constant amplitude, real world material loading 

profiles including number of cycles and amplitudes are not easy to determine. Typical profile 

is a function of force or strain versus time, eventually converted into stress time history. Range 

and mean of cycles are extracted through Rainflow Counting algorithm. See example of stress 

hysteresis loops covered by Rainflow algorithm in Fig. 2.26. 

 

 

Fig. 2.26. Rainflow algorithm supporting recognition of stress hysteresis loops [28]. 

 

Filtering is required for the load data, to adjust it for stress cycle counting and calculation 

of fatigue damage. Local extrema of the input load profile are called turning points and are 

detected by the first filter. Local extrema filter is mandatory, as the sequence of turning points 

translated from load history is required as the input of the fatigue analysis model. Turning points 

or reversals are the local data points where load is changing sign.  

Input junction temperature data formatting for Rainflow counting application is completed 

as shown in Fig. 2.27 [29]. Positive and negative peak values are sorted. Close peaks are filtered 

with 5 % hysteresis filter. Remaining values are discretized and arranged in data bins, and 

processed by Rainflow-counting algorithm. Output data are analyzed through range histograms, 

and further processed, to reveal lifetime consumption of the cycles and half cycles. 
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Fig. 2.27. Junction temperature data translation to lifetime consumption through 

Rainflow-counting algorithm and application of Miners rule. 

 

Sample welding program was simulated including a 6-DoF industrial manipulator. 

Mechatronic model of robot and electrical cabinet is used to provide input data to thermal 

model. Output of thermal model, estimated junction temperature of KUKA Servo Pack IGBT 

for Axis 1 during sample welding application is presented in Fig. 2.28. Sample program 

duration is 13.5 seconds, it includes multiple acceleration and deceleration peaks, as the robot 

is navigating through the required processing points.  

While detailed data of junction temperature through time provide insight in thermal 

processes, peak values and reversal points have the highest importance regarding damage 

estimation and temperature change evaluation with Rainflow-counting fatigue data analysis 

algorithm. Therefore, peak values are filtered from the original data set. Difference between 

original data set and peak values, selected for Rainflow-counting fatigue analysis algorithm is 

presented. 

 

 

Fig. 2.28. A1 axis drive inverter KUKA Servo Pack IGBT module junction temperature 

estimation through duration of a sample welding application, with data filtered through local 

extrema filter. 

 

 Small oscillations are removed from the input load extrema data through hysteresis filter. 

Turning points which correspond to the range of cycles below threshold are discarded, while 
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increased threshold will discard higher number of turning points. Turning point quantity 

reduction can be beneficial for both, testing and simulation. In this model, 5 % hysteresis 

threshold parameter T % is applied to the load extrema data. See the output data in Fig. 2.29.  

 

 

Fig. 2.29. Data before and after 5 % hysteresis threshold application.  

 

Failure of IGBT semiconductor module is linked to mechanical deformation of internal 

wire-bonds. To characterize and explain this relationship and estimate cycles to failure, multiple 

variables are introduced: 

s – characteristic life time (also, Ni), 

𝑚 – Coffin-Manson exponent, has been found to be 2, not depending of the material that 

goes plastic deformation cycles [30], 

𝑎 – proportionality coefficient of junction temperature and deformation, 

𝐶 – coefficient for the life time of the technology, 

𝑐Δ, 𝑐T, 𝑐0 – coefficients fitted to power cycling life time data, 

𝜀e – elastic deformation, 

𝑇j,min – minimum junction temperature during the cycles [K], 

𝑇j,max – maximum junction temperature during the cycles [K], 

Δ𝜀 – total deformation of the wire bond material, 

Δ𝜀e – elastic deformation per cycle, 

Δ𝜀p – plastic deformation per cycle, 

Δ𝑇j – junction temperature cycle amplitude [K], 

Δ𝑇j,cut−off – junction temperature cycle amplitude threshold for elastic deformation [K], 

𝜎 – yield strength,   

𝐸 – elastic modulus. 

Bond wire fatigue is caused by plastic deformation, and relationship between deformation 

per cycle and characteristic life time is predicted according to Coffin and Manson equation as 

shown in Eq. (2.52). 

𝑠 = (
𝐶

Δ𝜀p
)

𝑚

 (2.52) 
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During power cycling of IGBT module, deformation of the wire bond material is caused by 

significant differences in coefficient of thermal expansion of silicon (2.5 ppm/K) and aluminum 

(24 ppm/K). Deformation is occuring both, elastically and plastically. The assumption 

established and verified at [31] is that single deformation point description is sufficient to obtain 

life time model. Further assuming proportionality of the total deformation and junction 

temperature swing, according to Eq. (2.53). 

Δ𝜀 = Δ𝜀p + Δ𝜀e = 𝑎Δ𝑇j (2.53) 

Experiments completed at [32] show that yield strength of wire bond materials is 

temperature dependant, as shown in Fig. 2.30 (a).  

For development of this initial life time model of wire bond, yield strength relationship to 

junction temperature is assumed linear, and that the material shows ideal plastic behaviour. 

Amount of elastic deformation is calculated as shown in Eq. (2.54): 

𝜀e =
𝜎

𝐸
 (2.54) 

 

 
 

a) b) 

Fig. 2.30. (a) Yield strength of two bond wire materials as a function of temperature, assumed 

linear relationship in this model [32], (b) one temperature cycle stress strain curve of wire 

bond junction temperature [31]. 

 

Stress-strain diagram for one cycle of the material is illustrated in Fig. 2.30 (b). It shows the 

4 phases of material deformation, as it is heated from minimum temperature reaching yield 

strength. Further heating, material deforms plastically, lowering the yield strength and the stress 

is reduced as maximum temperature is reached. When cooling, wire bond deforms elastically 

until yield strength. As cooling continues, yield strength and stress increase during plastic 

deformation.  

As the elastic amount of deformation is limited by the yield strength, plastic deformation is 

rewritten accordingly, see Eq. (2.55). 

Δ𝜀p = 𝑎Δ𝑇j − (
𝜎(𝑇J,min) + 𝜎(𝑇J,max)

𝐸
) (2.55) 
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And due to previously assumed linear dependence of temperature and yield strength, 

following relationship can be derived as shown in Eq. (2.56): 

Δ𝜀p = 𝑐ΔΔ𝑇j + 𝑐T𝑇j,max − 𝑐0 (2.56) 

Life time of bond wire is obtained with the updated Coffin-Manson equation as in Eq. 

(2.57). Initial life time coefficient is omitted, as it is included in the three coefficients 𝑐Δ, 𝑐T, 𝑐0 

fitted to power cycling data. Exponent m is set to 2, according to [32]. 

𝑠 = (
1

𝑐ΔΔ𝑇j + 𝑐T𝑇j,max − 𝑐0
)

𝑚

 (2.57) 

Cutoff line, where wire bond theoretical life time is infinite due to only plastic deformation, 

in the current model is included in model through 5 % threshold filtering, before data input in 

Rainflow as 5 % threshold filter, as shown in Eq. (2.58). 

Δ𝑇j,cut−off = 0.05(𝑇j,max − 𝑇j,min) (2.58) 

This research attempts to highlight temperature cycles due to changing mission profile as 

the major impact factor to IGBT lifetime estimations. In the scope of this research, changing 

junction temperature cycles are viewed as a variable input of IGBT thermal and damage 

evaluation model, while other constants and parameters remain constant, since the system itself 

does not change. This approach enables relative comparison of the results as a sufficient 

analysis method, without a mandatory requirement to determine actual remaining lifetime 

value. As the relative relationship is confirmed and analyzed, impact factors of relative damage 

can be analyzed further. 

Data has been processed through local extrema and threshold filter, N equidistant bins are 

created splitting the load signal range and assigning remaining data points to closest bins. For 

example, temperature range from 40 °C to 140 °C can be discretized into 5 or 10 bins. As the 

load profile is unpredictable and random through the cycles, a set of contiguous intervals 

transform it into a discrete form. Data range from 25 °C to 145 °C is divided in 6 bins each with 

range of 20 °C, and data from mission profile is updated as shown in Fig. 2.31. 

 

 

Fig. 2.31. Sample mission profile data after discretization in bins. 
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Calculating absolute ranges between consecutive pairs of turning points is a simple and 

straightforward cycle counting method known as Markov counting. It seems like a reasonable 

option to evaluate cycles, for example, value of absolute difference between 1st and 2nd turning 

point is |46-130|=84, value between 2nd and 3rd turning points is |130-78|=52, as shown in Fig. 

10. A major drawback of this counting method is that large amplitude cycles, which include 

smaller cycles and have a significant role in fatigue damage accumulation, are not detected. 

There is a cycle with large amplitude between 5th and 11th turning points, however, a series of 

smaller cycles will be counted instead, which do not form a cycle of the same amplitude and 

the data of |36-95|=59 range is not detected [33], as shown in Fig. 2.32. 

 

 

Fig. 2.32. Markov counting drawback – not detecting larger cycles which are a 

combination of several smaller stress cycles. 

 

Rainflow counting method detects hysteresis loops (also called – closed cycles or full 

cycles) within the filtered input data. Turning points which cannot be included in the full cycles, 

are considered residuals (also called – open cycles or half cycles). Residual treatment may differ 

between various counting standards. Rainflow counting method is widely used in industry.  

While Markov counting does not detect large amplitude cycles with internal smaller cycles, 

Rainflow counting algorithms will include such cycles in the analysis. As shown in Fig. 2.33, 

where two smaller amplitude cycles have been recognized between 5th and 11th turning point, 

and the value of largest range is not lost. 
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Fig. 2.33. Example of Rainflow cycle counting algorithm cycles and half cycles 

illustrating recognition of larger amplitudes with internal smaller load cycles. 

 

Rainflow algorithm function (see Fig. 2.34) considers a moving reference point and a 

moving subset of three-points. Reference is called Z, group of 1st and 2nd points is called Y, 

group of 2nd and 3rd points are called X. Both, X and Y sorts the points from earlier to later in 

time, but may become not consecutive through the processing of algorithm, as the algorithm 

moves through peaks or valleys and full cycles are being discarded. 

 

 

Fig. 2.34. Rainflow Algorithm data processing flowchart implemented in the current 

IGBT thermal model [34]. 
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Distribution of thermal stress is represented by a 2-dimensional graph – range histogram 

(see Fig. 2.35). Axis of histogram corresponds to temperature cycle range and number of cycles. 

For example, if a load cycle contained 20 cycles of range 40, and 30 cycles of range 20, the 

following entries would be included in histogram – X=40, Y=20 and X=20, Y=30. Created 

histogram can be overlaid with a corresponding S-N curve (stress amplitude, cycles to failure), 

to verify that the histogram values do not exceed the curve.  

Histogram of junction temperature swing cycles can be generated for each of the analyzed 

mission profiles. It is expected that smaller amplitude cycles will be in larger quantity, 

compared to high amplitude stress cycles. 

 

 

Fig. 2.35. Range histogram of Robot axis A1 inverter IGBT junction temperature swing 

and cycles during sample clinching operation  

 

The total fatigue damage is estimated by Palmgren-Miner linear damage hypothesis or 

Miner’s rule. In context of this research, damage is a ratio between service load cycles and 

permissible value. Fatigue damage is calculated as shown in Eq. (2.59), assuming that each 

cycle with the same amplitude range, consumes fraction of the total lifetime. Increase of damage 

is proportional to load cycle number, and reaching value 1.0 a fatigue crack is expected to 

appear as the device will be considered damaged. 

𝐷 = ∑
𝑛i

𝑁i𝑖
 (2.59) 

where: 

D – amount of cumulative fatigue damage, 

i – number of specific cycle or half cycle amplitude ranges,   

j – total number of cycles or half cycles,  

𝑛i – number of cycles with the same amplitude range, 

𝑛[𝑖] – number of the specific temperature cycles or half cycles,  

N𝑓[𝑖] – number of cycles to failure, according to Coffin-Manson law,  

N𝑖 – permissible cycle quantity or number of cycles to failure. 

In further computations, damage of each fatigue cycle and half cycle is assumed for each of 

amplitude ranges, defined by i=1..j, as shown in Eq. (2.60). 
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𝐷 =
𝑛[𝑖]

𝑁f[𝑖]
 (2.60) 

Total damage is computed by summing of damage fractions according to Eq. (2.61). Sum 

of the fractions equals D=1, or 100 % in case of failure due to damage [35]. 

𝐷total = ∑
𝑛[𝑖]

𝑁f[𝑖]

𝑗

𝑖=1

 (2.61) 

Drawbacks of the Miner’s rule include not being able to recognize the probabilistic nature 

of fatigue relating rule results with the characteristics of probability distribution. Number of 

cycles to failure are calculated as shown in Eq. (2.62), where parameter values are obtained 

through bond wire fatigue damage model [36], [37] and Palmgren-Miner linear accumulation 

rule [38]. 

𝑁f = 1.4 ∗ 1011Δ𝑇−3.597 (2.62) 

 This rule does not consider the effect of a low vs high stress sequence. As the rule predicts 

lower than the actual value damage for high stress following a low stress, and predicted damage 

is higher than actual for low stress following a high stress, due to compressive residual stress. 

 

2.3.3. Evaluation of Temperature Affecting Factors 

 

Relationship between power consumption of industrial robot and inverter IGBT junction 

temperature is established and confirmed in the simulation analysis. This section attempts to 

evaluate how changing tool mass and robot application type affects the junction temperature of 

IGBT. Motor current consumption is applied as the input and scaling factor in the developed 

thermal model. Current consumption impact factors are assumed to impact the junction 

temperature. 

The main focus of section 2.3.3.1. is to run the computational model, simulating operation 

of the same robot program with two various load weights, while section 2.3.3.2. simulates 

various industrial robot program types, common in automotive manufacturing environment. 

Junction temperature change, thermal cycles and lifetime consumption estimates are included 

in each of the sections.  

 

2.3.3.1.Changing Tool Mass 

 

Study presented in this section is expected to either confirm or deny the assumption that 

changing tool mass of industrial robot has a direct impact on lifetime consumption of the 

hardware semiconductor components. If the assumed relationship is confirmed, tool weight 

reduction can be confirmed as a method to improve reliability of industrial robot inverters. 

In simulation study, a welding robot program of KUKA KR220 six degrees of freedom 

manipulator was simulated with movement path generated by RCS module. Path was analyzed 
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in kinematics and mechatronics model to evaluate changing the tool mass impact on current 

and power consumption.  

Power consumption of the robot motors during welding application has been analyzed 

earlier with 0 kg and 180 kg load, as shown in Fig. 2.36. Difference in average power 

consumption is 5.9 % between the two setups. Detailed research of changing robot load weight 

effect on power consumption is completed at [39]. 

 

 

Fig. 2.36. Combined power consumption of 6 industrial robot motor power consumption 

during sample welding program with two load weights. 

 

KUKA Servo Pack inverter is reviewed through the model as an integrated industrial robot 

application, operating in state-of-the-art robot supply and drive hardware layout, with dedicated 

rectifier for the common DC link and inverters for each of robot axis, connected to this link. 

DC link capacitance is considered, as it influences both, the current and voltage through system 

operation duration.   

Voltage fluctuations of the DC bus during handling operation is shown in Fig. 2.37. 

Operation of the same sample handling program with minimum load weight and maximal load 

weight is simulated. In general, voltage decrease below rated DC voltage is caused by high 

current consumption. Upper limit of the DC bus is controlled by brake chopper resistance, 

which is connected through semiconductor switch to dissipate recuperated energy, generated 

during deceleration of robot axis motors. When current energy consumption exceeds the 

generation, energy stored in DC bus capacitor capacitance is discharged and voltage returns to 

rated value during consumption from AC grid. 
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Fig. 2.37. Voltage of DC bus during handling operation with minimum and maximum 

load weight of the simulated 6-DoF industrial robot. 

 

Robot acceleration and operation is supplied from the AC grid, through three phase rectifier. 

Current consumed from AC grid through the same handling operation is shown in Fig. 2.38. 

Simulation reveal, that increased tool weight results in significantly increased current 

consumption from the AC grid. Peak current consumption is increased especially high during 

acceleration. This value is combined current consumption of 6 robot motors, and efficiency 

losses of their drive circuit.  Current is not consumed from AC grid when combined generated 

energy of robot motors exceed the consumed value.    

 

 

Fig. 2.38. Combined current consumed from AC grid of 6-DoF industrial robot axis 

motors during handling operation with two load weights. 

 

In this study one of the simulated programs is a handling program lasting 10.5 seconds. It 

has a starting (home) position, two processing points, and movement between the defined points 

is simulated by RCS module, data being imported and analyzed in the developed mechatronic 
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model. Simulation model allows to separate the combined current consumption by robot axis 

drive units, see Fig. 2.39. See complete Axis 1-6 current consumption data in Appendix E. Six 

robot motors are supplied and driven through two inverters, each of which supply three robot 

axis. In general, axis 1-3 have higher current consumption and higher motor power than axis 4-

6, as first axis must support both - the weight of the remaining axis and the load of the robot. 

For purposes of the study, a handling program was simulated with no load (0 kg) and 56 % 

(125 kg) of the maximal load (220 kg). Analysis of the sample program motor current data of 

two weights confirm the expected correlation - increased robot load weight increase current 

consumption. It is verified by review of current maximal and minimal values through the robot 

program duration. 

 

 

 

Fig. 2.39. Current consumption of each robot axis motors during handling program 

("case_handling_1") simulated with two load weights - 0 kg and 125 kg. 

 

For example, maximal current of axis A1, changed from 23.17 A to 28.08 A  (21 % 

increase). Minimal value of the robot motor current changed from −23 A to −28.22 A (22 % 

increase) as well. The same principle is visible when data of other robot axis is reviewed, as 

shown in Table 2.2. Data confirm that in general axis A1−A3 has higher current consumption 

values, compared to axis A4−A6, as explained in Section 2.2.2.  
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Table 2.2  

Axis motor current consumption − sample handling program, with 0 kg and 125 kg load 

 Imax [A] Imin [A] Changemax Changemin 

A1(0 kg) 23.17 −23.00   

A1(125 kg) 28.08 −28.22 21 % 23 % 

A2(0 kg) 18.82 −13.17   

A2(125 kg) 23.48 −18.91 25 % 44 % 

A3(0 kg) 31.83 −14.96   

A3(125 kg) 38.66 −16.86 21 % 13 % 

A4(0 kg) 3.62 −3.58   

A4(125 kg) 4.16 −3.93 15 % 10 % 

A5(0 kg) 4.00 −4.29   

A5(125 kg) 4.55 −3.69 14 % -14 % 

A6(0 kg) 4.02 −3.92   

A6(125 kg) 4.02 −3.92 0 % 0 % 

 

Junction temperature simulation of the inverter IGBT modules is done for the 

semiconductor switch and anti-parallel diode, as described earlier. Analysis of the temperature 

data for each of the robot axis provide detailed information during operation modes of the six 

permanent magnet synchronous motors of industrial robot. Data of robot motor current plotted 

in Fig. 2.40, are supplied as an input to thermal model, and junction temperature data for the 

sample handling robot program are obtained, as shown in Fig. 2.40. See data of Axis 1-3 in 

Appendix F. 

 

 

Fig. 2.40. Axis 1 inverter IGBT and anti-parallel diode junction temperature data of sample 

handling program, with 0 kg and 125 kg load.  
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Similar to current consumption data, the junction temperature increase is observed in the 

reviewed axis 1-3 for both, diode and semiconductor switch. Data reveal that junction 

temperature mission profiles between various robot axis are barely similar, therefore a high 

variety of data is expected. Strong acceleration profiles and levelled deceleration profiles lead 

to IGBT junction temperature changes and limited dynamics of diode temperature. At the same 

time, strong deceleration with controlled acceleration result in higher diode junction 

temperature, and reduced temperature IGBT temperature.  

Junction temperature data analysis confirm change of maximal temperature with increased 

load weight. Increase of IGBT junction temperature peak value with increased tool mass and 

the same program is between 15−23 % for Axis 1-3, and between 9-17 % for anti-parallel diode 

junction temperature of Axis 1-3 inverter, as shown in Table 2.3. Load weight increase has less 

effect on minimal temperature peak values, as module manages to cool down sufficiently during 

deceleration, and during normal operation smooth deceleration profile is viewed as energy 

efficient practice. Minimal temperature increase for semiconductor module junction 

temperature is between 0-9 % for Axis 1-3, and between 0-18 % for diodes of Axis 1-3 inverter 

IGBT modules.  

Table 2.3 

Data of axis motor inverter IGBT and anti-parallel diode junction temperature through sample 

handling program, with 0 kg and 125 kg load. 

 Setup Tj,max[°C] Tj,min[°C] Changemax Changemin 

IGBT 

A1(0 kg) 106.05 30.58   

A1(125 kg) 122.11 30.59 15 % 0 % 

A2(0 kg) 106.57 34.54   

A2(125 kg) 127.50 35.61 20 % 3 % 

A3(0 kg) 89.94 32.64   

A3(125 kg) 110.24 35.69 23 % 9 % 

diode 

A1(0 kg) 137.86 30.67   

A1(125 kg) 158.23 30.67 15 % 0 % 

A2(0 kg) 76.06 34.11   

A2(125 kg) 88.71 35.33 17 % 4 % 

A3(0 kg) 77.39 32.30   

A3(125 kg) 84.19 38.18 9 % 18 % 

 

Further analysis of IGBT and diode junction temperature values reveal that both, highest 

peak value and amplitude from lowest and highest value has increased with higher tool mass. 

Study reveals that specific values and percentage of the increase depend on mass of the load. 

Axis 1 diode highest temperature peak has increased by 20 °C (see Fig. 2.41) due to tool mass 

change from 0 kg to 125 kg. Not all temperatures are changed equally, as the diode temperature 

highest value for the inverter semiconductor modules of Axis 3 has increased by lower value - 

10 °C. Similar situation is with IGBT switches, as not only the amplitude and maximum peak 
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value has increased, but mean value of the junction temperature during handling operation has 

increased by about 20 °C as well. 

 

 

Fig. 2.41. Highest peak value, temperature change amplitude and mean value of robot axis 

inverter IGBT and anti-parallel diode change during sample handling program, and changing 

load mass. 

 

Simplification of input data is performed to format it for fatigue and lifetime consumption 

analysis, where temperature change amplitude during cycles and half cycles are a critical input 

parameter. Turning points are filtered from the estimated junction temperature data, and 5 °C 

threshold filter is applied to remove temperature change ripples before the selected threshold. 

Threshold filter is applied on the filtered data repeatedly, as the remaining turning points may 

as well fit within the filtered value. See turning points of IGBT and diode junction temperature 

data after 5 °C threshold filter in Fig. 2.42. 

Data visualization confirm that junction temperature at high turning points peaks of the 

mission profile has increased both, for diode and IGBT semiconductor switch. Low side turning 

points have barely changed, as the process is cooling down to a controlled temperature value in 

case of both junction temperatures and load weights.  

Highest temperature peak aligns with the peak current consumption. Temperature peak 

value difference between simulated load weights is larger at higher value temperature peaks, 

since power losses and therefore temperature differences are proportional to motor current. 

Changing tool weight does not create new turning points, with an exception, that at higher load 

the previously filtered, small temperature peaks become more significant, and are not removed 

by threshold filter 
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Fig. 2.42. IGBT and anti-parallel diode junction temperature profile after data turning point 

and 5 °C threshold filtering. 

 

Data discretization in bins follows the threshold filtering of turning points. 10 equidistant 

bins are created, where first bin contains smallest turning point temperature value, and the last 

bin contains largest turning point peak value. In case study of handling profile and two load 

weights, highest and lowest turning point values are selected from the combined data of IGBT 

and diode profiles. For example, axis 1 IGBT temperature profile is spread across 10 bins, from 

30 °C to 110 °C. Each bin covers a temperature range of 8 °C and turning point values are 

arranged by the recently created discrete bins.   

 

 

Fig. 2.43. 6-DoF robot axis 1 inverter IGBT and anti-parallel diode junction temperature data 

arranged in discrete bins (sample handling program) with 2 load weights, 0 kg and 125 kg. 
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Industrial robot axis 1 inverter IGBT and anti-parallel diode junction temperature data 

arranged in discrete bins are plotted in Fig. 2.43. See data for axis 1, 2 and 3 in Appendix G.  

Bin values are calculated for each mission profile, depending on maximal and minimal turning 

point value, as shown in Eq. (2.63), where Δ𝑇jbin
 is the dimension of one bin, 𝑛bins is the 

required quantity of bins, 𝑇jmax
 is the highest turning point value, 𝑇jmin

 is the lowest turning 

point value. 

Δ𝑇jbin
=

𝑇jmax
− 𝑇jmin

𝑛bins
 (2.63) 

 

Axis 1 IGBT temperature profile has 7 high value turning points, while Axis 2 IGBT 

temperature profile only has 3 turning points with 0 kg load during operation of sample handling 

program. Axis 3 data of the same handling program has twice as many - 8 turning points.  

Mission profile data are highly variable and directly dependent on the robot program and 

are expected to vary between various robot programs and various load weights. Analysis of the 

visualized data arranged in bins confirm that with higher tool mass or load weight turning points 

fit in higher bin, above the same profile executed with 0 kg load weight. 

Rainflow cycle counting is completed in MATLAB environment on the discretized robot 

axis inverter IGBT junction temperature data of the studied program, returning number of 

cycles, half-cycles, mean cycle value and amplitude. Value of lowest turning point value is 

added to input data as base value, to convert relative bin values to absolute. 

From Rainflow cycle counting returned thermal cycle data of robot Axis 1-3 inverters are 

plotted and analyzed to evaluate effect of changing tool mass on number and amplitude of axis 

inverter thermal cycles, as shown in Fig. 2.44. See data for axis 1-3 in Appendix H. Amplitude 

of thermal swing is discrete and the resolution is defined by bins calculated earlier at Eq. (2.44). 

 

 

Fig. 2.44. Quantity of junction temperature cycles and half cycles for robot axis 1 after 

Rainflow cycle counting, sorted by thermal swing and load weight. 

 

Data reveal that in all cases thermal swing with highest amplitude is for program with 125 

kg tool mass. Programs with 0 kg tool mass have higher number of thermal cycles with smaller 

thermal swing, while 125 kg tool mass programs are common to have cycles with 30-50 °C 

thermal swings.  
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Translation of KRL robot program to lifetime consumption of Axis 1-3 inverter IGBT and 

anti-parallel diode is completed with LC data estimation, computed as described earlier in 

section 2.3.2. Rainflow counting output thermal swing data of analyzed robot program are 

processed. Lifetime consumption of data each diode and IGBT module thermal swing 

amplitude and quantity is estimated and plotted, as shown in Fig. 2.45. See complete data for 

axis 1-3 in Appendix I. 

Both, highest thermal swing amplitude and lifetime consumption increase between the 

simulated load weights is evident for diode of Axis 1, while there is a lot smaller change in 

lifetime consumption of Axis 3 diode. Consumption increase (0 kg or 125 kg) of IGBT 

semiconductor switch lifetime for the studied sample handling program axis 1-3 is proportional, 

while absolute values between axis reveal significant difference. It is evident, that the largest 

reduction of lifetime is caused by higher amplitude temperature swings, and that the highest 

amplitudes are introduced by increased load weight. 

 

 

Fig. 2.45. Estimated lifetime consumption of 0 kg and 125 kg tool weight handling program, 

on IGBT and anti-parallel diode of A1 robot axis inverter IGBT module. 

 

Comparison of total lifetime consumption data of all thermal swing output values reveal 

that estimated lifetime consumption increase between 0 kg and 125 kg load weight varies 

between 29 % (A3, Tj,diode) and 249 % (A2, Tj,IGBT). Average lifetime consumption increase for 

axis 1-3 at IGBT junction temperature is 119 %, while average lifetime consumption increase 

for anti-parallel diodes of axis 1-3 is 118 %, as shown in Table 2.4. However, average increase 

value is misleading, as the diode lifetime consumption change with tool mass increase differs 

from 29.6 % (A3) to 249.7 % (A2).  
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Table 2.4  

Lifetime consumption for axis 1-3 inverter IGBT and anti-parallel diode. 

 LC, 0 kg [%] LC, 125 kg [%] Change [%] 

A1, IGBT 4.6E-04 7.7E-04 64.7 

A1, diode 1.1E-03 1.9E-03 77.3 

A2, IGBT 1.9E-04 6.1E-04 212.8 

A2, diode 3.3E-05 1.1E-04 249.7 

A3, IGBT 2.0E-04 3.7E-04 80.3 

A3, diode 1.0E-04 1.3E-04 29.6 

 

Lifetime consumption difference is expected between IGBT, which is powered through 

acceleration, and anti-parallel diode which reach the highest temperatures during deceleration. 

Due to different operation modes and characteristics, the differences between the two profiles 

are expected. 

 

2.3.3.2. Changing Application Type 

 

This section of the thesis presents the study and results, in an attempt to analyze effects of 

changing mission profiles to power consumption and junction temperature of inverter 

semiconductor modules. Lifetime consumption dependance on robot application type 

(handling, adhesive bonding, and others) is evaluated. If the relationship between robot 

application type and robot axis drive inverter power switching module lifetime consumption is 

confirmed, various reliability improvement options can be considered and introduced, such as 

program adjustment or predictive maintenance.  

Several types of six degrees of freedom industrial robot programs were simulated, with 

following IGBT junction temperature analysis. Purpose of research is to evaluate how changing 

intensity and characteristics of industrial robot applications influence the temperature of IGBT 

module. Tool mass, average power consumption, and velocity profile description are selected 

as key parameters for comparison of various programs, as shown in Table 2.5. 

Table 2.5 

Data of Various Industrial Application Sample Robot Programs 

Name Program 

duration [s] 

Tool mass 

[kg] 

Average power 

[kW] 

Description 

Handling 10.25 125 3.70 High velocity 

Clinching 9.31 50 2.45 High velocity, stop & go 

Spot welding 13.66 180 2.65 High velocity, stop & go 

Adhesive 

bonding 

11.10 50 2.12 High approach velocity; 

low velocity, high 

precision dispensing 
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Handling program is designed, to change tool location from home position, to load pick-up 

as fast as possible, reaching highest velocity, as the main objective of handling robots is to 

transport to processing, or rearrange parts. In most cases access to parts is easy and without a 

lot of time-consuming positioning, to improve output of the production process and avoid 

bottlenecks. 

Clinching is an agile and high velocity manufacturing process, with supported robot 

program designed supporting the high pace requirements. Sample clinching program has five 

processing spots with stop and wait commands, holding the position for clinching time, before 

moving itself and clinching tool to the next processing area. Clinching spots may require 

extensive positioning adjustment from axis 4-6, as access to parts may be difficult. 

Spot welding programs are fast paced, aimed at completing the highest number of spot 

welds in shortest time. Movement profile is a mixture of sharp decelerations to standstill and 

fast accelerations, while moving to next spot weld location. Sample robot program has 6 spot 

welding locations. Handling program is similar in a way, as it includes steep acceleration and 

deceleration, but the spot-welding is expected to have higher number of processing points, 

standstill cycles. Spot welding program is similar to clinching.  

Adhesive bonding is a speed-sensitive manufacturing process, and robot program is 

designed accordingly. Processing area is approached quickly, steady and process-safe velocity 

is maintained through adhesive application, and robot is returned to home position after 

application is done. 

Simulation reveals that during fast paced robot programs with high velocity – handling, 

spot welding and clinching – junction temperature of inverter IGBT reach higher values (see 

Fig. 2.46). See visualization of all 4 application types in Appendix J. In temperature profile – 

peaks are observed during robot acceleration, temperature does not change during steady 

operation with set velocity and no acceleration (small changes due to inertia), and it decreases 

to ambient value during reduction of speed to standstill.  

 

 

Fig. 2.46. Simulated junction temperature of robot axis 1-3 inverter IGBT modules and 

anti-parallel diodes, during sample welding application. 
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Minimal temperature change between robot applications is a lot smaller, as proved by both 

– amplitude of minimal temperature differences (range from 1 °C to 5 °C) and the calculated 

standard deviation of the simulated values (range from 0.84 to 2.30) 

Analysis of temperature values (see Fig. 2.47) reveal, that both, highest peak value and 

amplitude from lowest to highest value has welding and handling programs. See visualization 

of all handling, clinching and adhesive bonding application data in Appendix K. Study reveals, 

that specific peak values of each axis depend on robot program, as values for handling and 

welding program are similar, yet different. Highest and mean value are different for each axis 

inverter and anti-parallel diode of the various simulated programs. Each robot application type 

due to specific operation characteristics is expected to have similar characteristics of the 

junction temperature profile.  

Table 2.6 

Junction temperature data of sample welding, handling, clinching and adhesive bonding 

robot programs. 

      

Tj,max 

[°C] 

Tj,min 

[°C] 

Stdev, 

Tj,max 

Stdev, 

Tj,min 

Amplitude 

Tj,max [°C] 

Amplitude 

Tj,min [°C] 

A1 

IGBT 

Welding 117.58 30.66 

17.37 2.03 36.80 4.24 
Handling 125.63 31.35 

Clinching 96.21 33.93 

Adhesive bonding 88.83 34.90 

diode 

Welding 159.02 30.48 

21.60 2.30 52.35 5.14 
Handling 129.44 31.15 

Clinching 106.67 35.63 

Adhesive bonding 126.42 33.01 

A2 

IGBT 

Welding 118.53 40.98 

15.98 2.25 37.26 4.96 
Handling 110.20 39.71 

Clinching 102.01 41.40 

Adhesive bonding 81.28 36.44 

diode 

Welding 83.12 38.69 

16.96 0.84 36.72 1.72 
Handling 83.63 38.16 

Clinching 78.74 36.97 

Adhesive bonding 115.46 37.09 

A3 

IGBT 

Welding 98.33 34.51 

29.06 1.17 69.32 2.57 
Handling 119.33 35.82 

Clinching 86.42 37.08 

Adhesive bonding 50.01 34.75 

diode 

Welding 71.00 34.85 

12.77 1.49 30.36 3.17 
Handling 84.20 38.01 

Clinching 63.86 34.94 

Adhesive bonding 53.84 36.38 
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Largest contrast is between spot welding and adhesive bonding junction temperature 

profiles. Maximal values for welding temperatures are – 117.57, 159.02, 118.53, 83.12, 98.33, 

70.99, while maximal values for adhesive bonding temperature profiles are about 25 % lower 

– 88.83, 126.41, 81.27, 115.45, 50.01, 53.83. 

Lowest temperature values have just 1.1 % difference between two sample programs – spot 

welding (30.84, 31.17, 40.98, 38.69, 34.96, 36.56) and adhesive bonding (34.90, 33.00, 36.44, 

39.95, 34.74, 36.38). 

Difference between mean values of the analyzed profiles is 14 %, mean values being for 

spot welding (64.82, 66.75, 75.88, 59.62, 66.73, 52.79) and for adhesive bonding (53.63, 60.81, 

56.48, 80.79, 43.20, 42.96). 

 

 

Fig. 2.47. Highest peak value, temperature change amplitude and mean value of robot axis 

inverter IGBT and anti-parallel diode change during sample spot welding program. 

 

Analysis of thermal cycle and thermal swing (see Fig. 2.48) data reveal, that due to 

operation characteristics values observed in adhesive bonding (gluing) and clinching programs 

differ from welding and clinching programs. Clinching and adhesive bonding programs consist 

of multiple closely arranged processing points, while spot welding and handling programs are 

designed for few processing points and as fast movement speed. See complete visualization 

with data from axis 1-3 in Appendix L. 

 Handling and spot-welding junction temperature profile analysis confirms that more 

dynamic robot programs with repetitive acceleration and deceleration cycles have higher 

number of temperature cycles at higher amplitudes. Five out of six reviewed temperatures, 

highest thermal swing values were for either welding or handling programs.   

Simulated clinching operation includes a series of start/stop cycles and requires high 

precision positioning, to reach processing points. Movement speed is highly variable, and a 

number of small amplitude temperature changes are introduced in this program.  

Welding operation begins with a fast movement to reach beginning of adhesive application 

starting point, and is followed by a steady, controlled speed movement limited by process 

quality requirements. Robot returns to home position after adhesive application is completed. 
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This explains the initial several higher swing cycles, while majority of cycles is with low 

thermal swing.  

Due to the specifics of industrial robot construction and operation, failure due to component 

degradation of any axis eventually means that none of the other axis can be operated as well. If 

the robot is not located in single robot cell, it is highly probable that the operation of production 

cell might have to be stopped due to IGBT or anti-parallel diode failure.  

 

 

Fig. 2.48. Quantity of IGBT and anti-parallel diode junction temperature cycles and half 

cycles for A1 of each simulated robot program type after Rainflow counting – spot welding, 

handling, clinching and adhesive bonding (gluing). 

.  

Lifetime consumption data per IGBT semiconductor switch and anti-parallel diodes of robot 

axis 1-3 (see Fig. 2.49) reveal significant differences in LC data depending on robot program. 

See visualization of estimated fraction of life consumed for handling, clinching and adhesive 

bonding programs in Appendix M. The data follow trends from thermal cycle and thermal 

swing analysis, however, the magnitude of difference is notable for handling and welding 

programs with higher temperature swings.  

Highest lifetime consumption is introduced to Axis 1 anti-parallel diode during operation 

of all simulated programs. Estimated values of LC (see Table 4) reveal that clinching and 

adhesive bonding programs have an order of magnitude smaller estimated degradation through 

one cycle of program operation. While the data for all programs follow a pattern of Axis 1 being 

the most demanding regarding remaining lifetime, actual values and magnitude depends on 

program data and mission profile.  
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Fig. 2.49. Estimated lifetime consumption of the simulated welding robot program for 

IGBT and anti-parallel diode of A1−A3 robot axis inverter IGBT module. 

 

Data in Table 2.7 are conditionally formated to minimal value being green, as it is the least 

damaging. Red color cells have damage above 50 % of the value difference between minimal 

and maximal value. Cells with green background color have damage below 50 % of minimal 

and maximal value difference. White cells, and cells with low opacity value are located close 

to middle of the value range.  

Table 2.7 

Estimated lifetime consumption of the simulated four robot program types for IGBT and 

anti-parallel diode of A1−A3 robot axis inverter IGBT module. 

  welding handling clinching gluing 

Axis # Duration: 13.66 s 10.25 s 9.31 s 11.1 s 

A1 
IGBT 5.73E-04 % 7.48E-04 % 1.40E-04 % 7.90E-05 % 

diode 1.71E-03 % 1.08E-03 % 3.55E-04 % 4.94E-04 % 

A2 
IGBT 2.16E-04 % 2.19E-04 % 2.32E-05 % 2.30E-05 % 

diode 2.59E-05 % 4.48E-05 % 4.91E-05 % 1.33E-04 % 

A3 
IGBT 1.09E-04 % 4.42E-04 % 5.05E-05 % 1.41E-06 % 

diode 1.05E-05 % 1.28E-04 % 6.99E-06 % 7.04E-07 % 
 

Difference between estimated total lifetime consumption values of all reviewed IGBT 

semiconductor switches and anti-parallel diodes for Axis 1-3 of the analyzed robot programs 

(see Fig. 2.50) confirm the initial assumption that each robot program type has unique inverter 

current mission profile. Mission profile leads to wide spread in junction temperature values for 

robot axis inverters. The current and junction temperature difference is translated to number of 

thermal cycles and thermal swing amplitudes. Final result of the computation model is an order 

of magnitude differences of lifetime consumption estimations per each program type.  
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Fig. 2.50. Estimated lifetime consumption of the simulated 4 robot program types – 

welding, handling, clinching and adhesive bonding. 

 

Background of the developed model, including automotive industry specifics, has been 

reviewed and analyzed. Added thermal and lifetime consumption estimation models have been 

developed and presented. Conclusions regarding operation and reliability of state-of-the-art 

robot hardware have been made for various robotized manufacturing scenarios, therefore study 

has managed to estimate junction temperature of IGBT and establish a relationship between 

robot hardware, robot operation and drive inverter damage.  

.  
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3. ASSESSMENT OF CONTROL AND TOPOLOGY 

Improvement of technology has always been driven by the need to increase efficiency, 

reduce costs or other factors. In similar way the efficiency of AC/DC voltage converters have 

increased over time [40], [41] and currently is considered sufficient for most of the applications. 

As the technology becomes more available and efficient, its applications in systems should be 

reviewed with more caution if the only possible solution is with the AC/DC converter, or is it 

installed as the easy choice. So the use, type and quantity of voltage rectifiers should be 

evaluated during system design phase. 

Some of the reasons to decrease the total quantity of these voltage converters is to reduce 

the footprint and improve cost efficiency. In various system designs it is possible to combine 

DC links, which will not only help to decrease overall quantity of AC/DC converters, but will 

also improve system reliability often by providing redundancy of power supply.  

Industrial systems require more attention as the investment, total power consumption and 

overall scale is larger compared to household applications. One of the examples is the most 

recent industrial applications recovering brake chopper energy [42] and enabling support for 

energy exchange within the system consumers and generators. 

Currently installed power electronics systems mostly support unidirectional power flow, 

consist of high number of avoidable converters (both, rectifiers and inverters), still waste the 

excess DC bus energy in brake choppers without utilizing the storage and energy exchange 

possibilities at the possible common DC link. 

All of this prove that there is not only room to optimise both AC/DC and DC/AC voltage 

converters, but to improve transmission infrastructure as well by creating DC microgrids or 

shared DC bus applications. As mentioned previously, sharing of DC link can improve 

reliability and availability of power source through redundancy of converters. An example of 

reliability improvement principle through power supply redudancy is illustrated in Fig. 3.1. 

 

 

Fig. 3.1. DC power supply redundancy to improve reliability in industrial hardware. 

 

Drawbacks and challenges of shared DC link systems (DC microgrids) include the required 

reliability evaluation, technological barriers (limited availability of hardware solutions and high 

specialization), as well as economic and legal barriers. Challenges include establishing DC 

voltage standards for various types of microgrids.  

Stakeholders of developing DC microgrid systems for both - households and industry - 

include production site developers and operators, original industrial or household equipment 
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manufacturers, researchers, policy makers, investors. There are various applications and 

layouts of DC microgrids used throughout the industry: 

a) AC Home Grid Appliances and Power Losses 

Energy consumption of households is increasing with the number of available electrical 

devices. Introduction of Internet of Things, as well as wireless network and software availability 

has brought new devices and applications into the market, a lot of which are supplied with low 

power AC/DC power supply or charger. As the power consumption of these devices (chargers 

for wearables, mobile phones, robotized vacuum cleaners) is combined, so are the power losses 

(Ploss), so the total losses value is becoming significant after losses of smaller units are 

combined, as shown in Fig. 3.2. 

When installing backup batteries for the household, or deploying an electric vehicle 

charging station, number of power converters is increased further. Batteries will require a 

rectifier for charging, and a sophisticated inverter to provide to grid when power is required. 

Adding alternative energy sources, such as solar panels, or fuel generator, require high quality 

output parameters of the inverter, to synchronize the generated sine wave voltage with the AC 

grid (and various safety features, such as not providing to grid, in case of voltage blackout).  

 

 

Fig. 3.2. Household electrical consumer system with 16 AC/DC converters, power losses. 

 

However, the excessive use of AC/DC converters is not only common to household systems 

and consumers, it also occurs in industry, where the combined power loss is even more 

significant, as the devices, such as lightning and drive units are operating at high numbers and 

for extended period of time. 

Practicality of DC micro grid remains by maintaining modularity at the same level, or is 

increased above one of the AC systems where system components follow parameter 

requirements. During the development of setup, teams focus on system operation evaluating 

the efficiency and use of solutions. As the efficiency of DC switches is being improved by 

applications of innovative materials and topologies, DC micro grid systems should be updated 

as well, and modular solutions allow easier upgrades. While being around for a while, DC micro 

grid applications still are innovative and awarded [43]. 
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Remote households will find DC microgrids not only cost efficient, but energy efficient as 

well, since combined with solar or wind energy sources it can power the household and provide 

self-sustainable home capabilities. Energy generation and storage is supported by photovoltaic 

generators (see Fig. 3.3 (b)) with energy storage systems, such as batteries, likely operating 

more efficient if compared to alternative current system (see Fig. 3.3 (a)). 

 

 

(a) (b) 

Fig. 3.3. Topologies of AC (a) and DC (b) microgrid solutions including converters [44]. 

 

b) Industrial DC Grids. 

Setups for industrial environment and manufacturing are less available due to smaller 

demand, higher capital costs and more conservative society demanding reliable and proven 

solutions. One of tasks is to introduce the DC microgrids and it's supported features to the 

manufacturing community. Several innovative projects have been completed during the last 

years developing DC microgrids specific for industrial environment, contributing to both - 

research and production.  

Results of these projects reveal that facilities with specific equipment such as drives, 

industrial manipulators with dynamic applications can benefit from DC microgrids, and larger 

consumers will have proportionally increased savings from the improved efficiency, compared 

to scaled down home systems. For static environment and load sites without the industrial 

robots or other dynamic drive systems, other options such as economy from conversion to LED 

lightning connected to DC supply bus are available. DC microgrid modifications with 

renewable energy generation and storage integration, as well as systems dedicated for electric 

vehicles and light emitting diode (LED) street light systems are documented [45], [46].  

Various DC microgrid systems have been designed for home installation and have power 

ratings up to 10 kW [47], [48]. Power profile of household appliances is characterized by 

medium load peaks repeating periodically and small parasitic consumption from stand-by mode 

of devices. Control methods and algorithms are not complex as the processes within this 

electrical system are not very dynamic.  

One of the projects mentioned earlier is DC C+G, which developed and introduced an 

industrial DC microgrid for data center facilities. Currently widely used solutions use rectifiers 



 

67 

 

 

 

to supply the backup power uninterruptable power supply, and inverters to create voltage 

required for the internal grid, later being rectified for use of the data management hardware, as 

shown in Fig. 1.6.  

One of DC microgrid developers and researchers for data center facilities throughout the 

years has been Intel Corporation. Their project results revealed improved energy efficiency (7-

8 %), capital cost reduction (15 %), space savings (33 %) and reliability improvement (200 %) 

[46].  

Efficiency of electricity distribution and equipment and efficiency of solar power systems 

has been increased by 5 % and 7 %, as reported in project funded by European Union - "DC 

Components and Grids" [49]. 

Another of DC system advantages over AC system is improved design simplicity, such as 

frequency coupling which is required by multiple generator AC systems, but not for DC (see 

Fig. 1.7). This is very practical at locations with limited space for equipment with large 

footprint, therefore one of test applications for DC microgrid system was ABB onboard system 

for vessels. Practical results of the project reveal efficiency improvement (20 %) and footprint 

reduction (30 %), also highlighting how easy it is to integrate various energy sources (gas, 

diesel, renewables) within the DC grid [50]. 

Analysis and review of AC and DC topologies is completed from section 3.1 through 

section 3.3 in terms of recovered regenerated energy, cost, availability, redundance and other 

parameters.    Common DC link layouts, including state of the art setup with brake chopper and 

layout with added capacitance, are reviewed in section 3.1. Section 3.2 includes comparison of 

advanced DC link layouts, such as external energy storage with and without converter and 

layout with bidirectional rectifier for energy return to AC grid. Interconnection of multiple robot 

systems is reviewed in section 3.3, supplied by single or multiple rectifiers.  

Results and conclusions of the analysis completed in sections 3.1 through 3.3 are combined 

in table shown at Fig. 3.4. Layouts are compared through different characteristics and 

parameters. One of the goals for this study is to improve reliability of manufacturing equipment, 

therefore several reliability and lifetime related parameters are evaluated as well, such as 

redundancy, probability of failure, consequence of failure. 
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Fig. 3.4. Multiple parameter comparison of recuperative energy hardware applications. 

 

As a general conclusion, probability of implementation is evaluated for single robot and 

multiple robot systems. Analysis reveal, that single robot system with state of the art hardware 

layout, upgraded with a additional capacitor, selected for the specific robot program, is the most 

recommended solution. 

3.1. Common DC Link Layouts of Industrial Robot Hardware 

State of the art setup with brake chopper and layout with added capacitance is reviewed in 

this section. Modification options are analyzed and evaluated. Section 3.1.1. is an introduction 

to typical hardware layout of motor drives. Section 3.1.2. evaluates the state of the art layout 

and section 3.1.3. the addition of capacitor to DC link is analyzed.  

 

3.1.1. Introduction 

 

In electric drive systems motors can and will operate as generators for certain time of 

operation, likely during deceleration. Typical systems of DC link frequency converter supply 

AC voltage from grid through the DC link (including chopper resistance unit for overvoltage 

control) to electric motor. When energy is generated by motor, voltage in DC bus increase and 

the generated energy in many cases is dissipated as heat in the previously mentioned brake 

chopper unit. Three phase drive power supply system with frequency converter and DC link 

with brake chopper is illustrated in Fig. 3.5.  
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Fig. 3.5. Typical electrical drive with brake chopper setup [51]. 

 

Similar to systems with single motor, brake chopper is also common for multiple electric 

motor systems, such as industrial robots. Definition of robot has been declared by International 

Organization for Standardization, which states that “automatically controlled, reprogrammable, 

multipurpose manipulators, programmable in three or more axes, which can be either fixed in 

place or mobile for use in industrial automation applications” [52] are called robots. Industrial 

manipulators, also industrial robots, are complex mechatronic systems, consisting of a long list 

of parts and components, including motors, drives, controllers, actuators, communication 

interfaces, tools. Number and sales of industrial robots has been surging during the last several 

years [53]. 

Precision and repeatability of the industrial units is a reason for the high demand. For 

example, rather small industrial manipulator KUKA KR 4 R600 can repeat its movements 

within <±0,015 mm [54]. High demand is also supported by the maximum payload, for units 

such as KUKA KR 1000 1300 titan PA, being able to operate with up to 1300 kg heavy load 

[55]. 

As the robots can be highly customized regarding tools, sizes and movement, they are 

widely used throughout the industrial environment, providing handling of materials and final 

products in palletizing and packaging, painting, metalworks - welding and clinching, gluing 

and many more. 

Typical requirement for manufacturing line is to operate continuously with little or no 

downtimes. From one to several thousands, number of industrial robots at factory depends on 

several factors, such as output quantity, variety of products, cost efficiency. Large quantity of 

manipulators result in significant total power losses.  

 

3.1.2. Single Robot, Current State of the Art with Chopper 

 

KUKA, a German manufacturer of industrial robots for over 40 years, similar to other AC 

powered industrial robot manufacturers, supply their units from AC grid. Robot cabinet (see 

Fig. 3.6) is supplied through the power supply - KUKA Power Pack (KPP) which includes a 

rectifier R1 and provides voltage for the DC bus. KUKA Servo Pack (KSP) is connected to the 

DC bus, and includes I1, I2 (also, input filtering capacitances C1, C2) transforming the energy 
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for electric motors. Movement of the manipulator axis is achieved by six permanent magnet 

synchronous motors (PMSM) which are supplied and controlled KSP. Inverters of the servo 

pack support two direction energy transfer, operating as rectifiers as well, during regenerative 

operation of the motors, where brake chopper protects DC bus from over voltage. The DC 

circuit present between KPP, KSP and the brake chopper Rbr is connected to the brake chopper 

through KPP unit, which includes switch S1 for switching of the chopper resistance. While the 

main power is supplied through the KPP, KUKA Power Supply (KPS) provides required 230 

V for additional electronics appliances (cooling, brakes, control unit, smartpad). Flow of data 

within the industrial robot system is managed by Cabinet Control Unit. 

 

 

Fig. 3.6. Layout of power supply and control within cabinet of KUKA industrial robot [56]. 

 

Energy dissipated in brake chopper is linked to movement velocity of the industrial 

manipulator, which can reach values up to 2 m/s during handling operations. As the energy of 

slower movement is lower, so is the dissipated energy in brake chopper resistance. Values will 

vary between movement programs and robot cells. Operations which require higher accuracy 

and where technical process requires lower speed for the improved accuracy, also limit the 

velocity to less than 0.4 m/s [57], leading to smaller quantity of recuperated energy. 

Sample movement profile of industrial robot state of the art layout was generated to 

highlight the energy losses on brake chopper - in this case, 15 % of the total value. While not 

efficient from an energy savings point of view, this setup is cost-effective and reliable, therefore 

legitimate for smaller sites and less dynamic industrial robot movements. Energy storage or 

exchange methods described in more detail later throughout this work absorb this brake chopper 

energy for re-use during acceleration.  

When movement speed of industrial robot is decreasing, energy conversion from 

mechanical inertia to electrical is carried out at motors working as electricity generators for a 
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short period of time. Energy is returned to DC intermediate circuit through the rectifiers in KSP, 

where it is stored within the capacitance, raising the voltage to maximal allowed value. When 

this value is exceeded, S1 is triggered, applying voltage to terminals of Rbr, where the 

recuperated energy is dissipated into heat at active resistance. As voltage drops, switch S1 is 

released to remain disconnected until voltage value is exceeded again. As mentioned before, 

small amount of this energy is stored at DC circuit capacitors, while voltage of DC link 

increases to required value, before switching on brake resistor, however, this capacitance C1, 

C2 is too small to store a significant amount of recuperated energy.  

Sample movement profile of industrial robot was generated to highlight the energy losses 

on brake chopper - in this case 15 % of total value. While not efficient from energy savings 

point of view, this setup is cost effective and reliable, therefore legitimate for smaller sites and 

less dynamic industrial robot movements. Energy storage or exchange methods described in 

more detail later throughout this work absorb this brake chopper energy for re-use during 

acceleration.  

Current state of the art chopper circuit provides some energy storage in DC bus capacitor 

capacitance, which delays the DC bus voltage increase and beginning of brake chopper 

switching. Power charging the capacitor is shown in Fig. 3.7 from 1.52 s to 1.58 s. Brake 

chopper dissipate the excess regenerated energy, but the capacitor remains fully charged, as the 

generated energy exceeds the possible charge. Eventually brake chopper discharge the capacitor 

and decrease DC bus voltage, which is recharged during chopper switch off period. The cycle 

continues for the duration of generated power exceeding consumed power. Chopper switching 

frequency is reduced with the decrease in generated power. Energy stored in DC bus capacitor 

capacitance is consumed during the acceleration from 2.10 s to 2.23 s (see Fig. 3.7).  

 

 

Fig. 3.7. Power change and distribution during a section of a sample robot movement 

program. 

 

Energy flow including brake chopper, capacitance and total regenerated amount during one 

deceleration peak of the simulated sample robot program is visualized in Fig. 3.8. Initial 

regenerative peak is stored in capacitance (Wcap), with energy dissipation on brake chopper 

(Wbr) beginning as soon as the DC bus voltage reaches the limit and capacitor is considered 
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fully charged. Ripple capacitor and brake chopper energy is caused due to partial discharge of 

capacitor during brake chopper switching. As shown in 2.01 s, about 25 % of the regenerated 

energy is stored in capacitance, while 75 % of the energy has been dissipated in brake chopper 

resistance.  

 

 

Fig. 3.8. Energy flow during deceleration of sample robot program with state of the art circuit 

setup. 

 

Regarding energy recovery, current state of the art circuit is viewed as a reference layout, 

with majority of deceleration energy being dissipated in brake chopper resistance. Total cost of 

the hardware setup for the current layout is average. There are no specific elements which would 

either increase or decrease the hardware cost significantly. Components required by this layout 

are readily available in the market and they have been used widely in the industry. In the state 

of the art setup without external capacitor any redundancy regarding DC bus and power supply 

is not introduced.   

The setup does not provide nor require any adjustment options to mission profiles to 

improve the performance. Just general energy efficient path planning rules apply, to reduce the 

energy consumption.    

Failure probability of this circuit is considered average, as there are neither any redundancy 

options nor reliability bottle necks, being a single-source, single-consumer type system, not a 

power grid. Therefore consequence of failure is also considered average, as failure of included 

elements will affect a single robot.   

Attempt to estimate probability of implementation for the state of the art layout reveal that 

it is very high. This is a straight-forward, simple solution ready for manufacturing environment. 

The main drawback is the extensive operation of brake chopper during deceleration, but the 

positive - having wide field experience and being an easy to understand, easy to repair layout, 

ranks this as a highly probable hardware layout. 

 

 



 

73 

 

 

 

3.1.3. Single Robot Setup with Capacitor  

 

As mentioned earlier, during operation of currently used layout with brake chopper, small 

amount of energy is stored within the capacitance of DC link as the voltage increase to limit 

value. If the capacitance is increased, energy capacity of the DC circuit is also increased. When 

looking at industrial robot systems, robot motor is not capable of operating as generator for 

extended time period, most likely during deceleration, therefore value of available energy is 

known and value of capacitor can be assumed. Studies reveal that reduction of total consumed 

energy by up to 30 % is possible for manipulator movements in dynamic applications, which is 

achieved by addition of external energy storage unit to the DC link [58]. This storage unit can 

be but not limited to a capacitor (most likely), a battery, or a flywheel (less likely).  Storage of 

recuperated energy within an external capacitor or a battery is reviewed throughout this work.  

Within state of the art system with brake chopper and added external capacitor, recuperated 

energy from PMSMs of industrial manipulator is stored within the capacitor during 

deceleration. Energy is returned to DC bus via the KUKA Servo Pack operating as rectifier. 

During the following acceleration, recuperated energy from external capacitor through the KSP 

operating as inverter, is returned to electric drives of the robot. While not popular for industrial 

robot systems, external capacitor is well documented and recommended for storage of 

recuperated energy [59], [60], [61].  

As mentioned during review of brake chopper systems, recuperated energy is movement 

trajectory and intensity dependent, therefore handling robot movement profiles require larger 

storage unit compared to painting or welding robot applications, due to movement speed 

differences [62]. It is recommended to either calculate capacitance of an external capacitor for 

each movement program, or at least choose the capacitor sizes in modular fashion, regarding 

movement type. Storage of recuperated energy within dedicated external storage unit is 

eventually more efficient approach than dissipation of this energy within active resistance of 

brake chopper, reviewed in previous section. 

Schematic of KUKA industrial manipulator system with external capacitance for storage of 

recuperated energy (see Fig 3.9) includes KPP, two KSP, a dc bus, external capacitance module 

(Cext), and six permanent magnet synchronous motors PMSMs (M1.1...1.3, M2.1…2.3) 

 

 

Fig. 3.9. Schematic of KUKA industrial manipulator system with external capacitance for 

storage of recuperated energy [63]. 
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Often the maximal voltage of capacitors is limited below the operational voltage of DC bus 

and series connection of several units is required. While series connection divides the voltage 

to multiple units enabling safe connection, the capacitance is decreased as well. In addition, 

charge balancing circuit is required when multiple capacitors are connected in series, decreasing 

both, efficiency and financial benefits of the system [64]. 

Supercapacitors are one of the most energy dense capacitors being the reason why they are 

also researched as possible solution for storage of recuperated voltage of industrial 

manipulators. Technical specification of supercapacitor units declare operational voltage well 

below one of electrolytic capacitors. If linked to DC bus of KUKA industrial robot without a 

converter, 250 units would be required to create a series connection, and multiple drawbacks, 

such as high ESR value, significantly worse reliability compared to single supercapacitor as 

failure of single cell will result in failure of the unit, capacitance reduction, and the cost of 

similar layout is well too high to even consider the application.  

On the other side, maximal allowed voltage of electrolytic capacitor is higher than the 

maximal voltage of supercapacitor unit, therefore a similar setup would require several 

electrolytic capacitors C1.1, C1.2, C2.1, C2.2 (see Fig. 3.10). As series connection reduce the 

capacitance, addition of parallel capacitors is used, therefore a parallel-series layout of 

electrolytic capacitors is introduced to compensate for the the loss and to reduce the combined 

ESR value of storage unit (as shown in Eq.3.1), where 𝐸𝑆𝑅tot – total ESR of the connected 

capacitors, 𝐸𝑆𝑅1,1..2,2 – ESR of the individual capacitor units in the circuit.  

𝐸𝑆𝑅tot = 𝐸𝑆𝑅1,1 + 𝐸𝑆𝑅1,2 + 𝐸𝑆𝑅2,1 + 𝐸𝑆𝑅2,2 (3.1) 

Capacitance value can be increased to required and voltage requirements for connection to DC 

bus can be achieved. Connecting directly to DC bus without voltage level is the most common 

design, as it is financially reasonable and available solution. 

 

 

Fig. 3.10. The principal layout of parallel-series capacitors, connected without level converter 

or switch. A simplified version is integrated in model. 

 

After rectification of input AC voltage, a smoothing filter placed at DC output of rectifier 

is required. In sample full wave diode bridge rectifier design (D1,..,D4) this filter includes an 

electrolytic capacitor C2 (see Fig. 3.11). If capacitance of C2 is approaching 0 uF, then output 

DC voltage ripple amplitude is significant and copies the input voltage. Current waveform for 
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such design is full sine wave pattern with no high peaks as shown in Fig. 3.11 (a). By increasing 

the filter capacitor value, energy is stored within the capacitor and does not fluctuate as 

previously, smoothing the ripple to create stable output DC voltage, as shown in Fig. 3.11 (b). 

However, the added capacitance creates high peak currents from charge of capacitor. 

 

 

(a) 

 

(b) 

Fig. 3.11. DC bus layout and simulated rectifier output voltage and current data (a) revealing 

effect of added capacitance on the output current and voltage (introduction of ripple and 

peaks)(b). 

 

By adding an inductor in series with output of AC rectifier, a further reduction of output 

voltage ripple is possible, creating a low pass LC filter. Drawback of LC is the introduction of 

resonance frequency at specific L, C values. In layout of industrial robot cabinet, rectified 

voltage is supplied also from PMSM side through KSP, which also require filtering, adding 

high frequency pulse width modulated (PWM) voltage to to the bus together with high 

frequency ripple current. 

While capacitance is required to smoothen the voltage ripple, higher capacitance unit is 

more expensive, introduces higher peak currents in circuit. By obtaining value of load current, 

filtering capacitor value can be obtained as shown in Eq.1.5., at which C is the required 

capacitance, f - ripple frequency, I - load current, ΔU - allowed ripple voltage. For full wave 

rectifier ripple frequency is 100Hz. 

Δ𝑈 = 𝐼𝑓𝐶 → 𝐶 = 𝐼𝑓Δ𝑈 (3.2) 

As suggested earlier, increased capacitance of DC bus will be able to store more of 

recuperation energy when supplied through KSP by motors. That is correct, but this will also 

unnecessarily increase DC output filtering capacitance during normal operation when powered 

from grid. Added capacitance will significantly increase AC input current peaks and inrush 

current during power on. Therefore a switch is recommended to connect the external 

capacitance temporarily during the recuperation phase, reducing number of discharge cycles 

and increasing time to failure. By control of current flow, it is possible to avoid a switch for 

energy supply from capacitor to DC bus during acceleration. 

Switch is recommended to disconnect the external capacitance from DC bus during normal 

operation, but apart from that, connecting of external storage unit does not require additional 

control units or voltage converters, also the efficiency improvement is instant. If the introduced 
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storage unit is sufficient to store all of the generated energy, brake chopper should remain in 

the system for hardware safety, otherwise it is still required for use during normal system 

operation cycles. 

Typical parallel-series external capacitor storage unit would consist of switch S1, controlled 

by voltage, electrolytic capacitors C1, C2, passive voltage balancing circuit elements R1, R2,  

controlled discharge resistance with switch R3, S3, and charge current limiting circuit R4, S2, as 

shown in Fig. 3.12. 

 

 

Fig. 3.12. Typical layout of capacitor based external storage unit (with charge and discharge 

circuits, disconnection switch) connected to DC bus of industrial robot. 

 

As voltage in DC bus is unable to change in full range, from 0 V to maximal voltage of the 

capacitor, there is a charge threshold which is stored in the capacitor and not discharged during 

operation. This value is defined by hardware limited upper and lower voltage values, being 

95.371 % of rated DC bus voltage, and 125.925 % as higher limit of rated DC bus voltage. See 

DC bus voltage change through an acceleration and decceleration cycle in Fig. 3.13. 
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Fig. 3.13. Voltage change amplitude in DC bus as capacitor charge is changing during robot 

program duration. 

 

Small or medium already constructed manufacturing sites with few industrial manipulators 

completing quick handling and packing tasks will find additional external capacitance upgrade 

useful and affordable. When looking over steps and possibilities of electrical energy 

consumption reduction, addition of external storage to DC link in order to decrease energy 

dissipated in brake chopper resistance should be considered. 

Large manufacturing sites at which investments have been made to construct the line with 

a number of electrical drives, multiple (from several up to dozens) robots, conversion to a new 

hardware layout will be more expensive. Install of increased DC bus capacitor at dynamic robot 

movement profiles will be both - cost and energy efficient.  

Disadvantages of implementing external storage system include price and information 

about the recuperated energy of specific movement programs, which will be equipped with the 

capacitor. Selection principles of optimal capacitor capacity value are suggested in this work. 

For rapid handling operations payback period will be smaller and for slower movements it will 

be longer. Another limitation is that one external storage unit can only support one industrial 

manipulator, as this layout does not support link of multiple robots to single capacitor. 

From hardware point of view it might seem simple to add external capacitor to DC bus for 

energy storage, however there are some factors to consider in layout and operation, as to what 

effect would such change of capacitance have during normal operation of the circuit. Following 

section reveals how the significantly increased capacitance would change the electrical 

performance and suggests how to solve the upcoming issues.    

Capacity of the added capacitor is selected through power consumption curve analysis. For 

sample program an additional capacitance of 7.3 mF (see Fig. 3.14 (a)) was calculated, 

providing recovery of 1.5 %.  From the combined power consumption profile, energy dissipated 

in brake choper is used as a reference to estimate the required additional capacitance (see Fig. 

3.14 (b)). 
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a) 

 

b) 

Fig. 3.14. a) Change of power consumption from AC grid through increase of additional DC 

bus capacitor capacitance, b) implementing optimal capacitance. 

 

Energy flow during deceleration of the state of the art circuit with external capacitor is 

shown in Fig. 3.15. The capacitance value is selected to store at least 95 % of the largest 

dissipated brake chopper energy (Wbr) peak of simulated program. As a result of this 

requirement, no energy is dissipated on brake chopper. The added external DC bus capacitor 

capacitance is able to store (Wcap) most of the regenerated energy (Wregen) and reuse it efficiently 

except for some efficiency losses. Compared to previous layout without capacitor, the energy 

efficiency benefit is evident - less energy is lost on chopper, however, the effect on reliability 

of this change is uncertain and studied later in this section.  

 

Fig. 3.15. Energy flow during deceleration of sample robot program with state of the art 

circuit setup and external capacitance.  

 

To estimate life cycle consumption, inverter current is considered as the main mission 

profile data. It is suggested that reduced inverter current peak values improve the lifetime 

estimation. Motor drive and inverter current values of the sample simulated program for layouts 

with and without external capacitor are simulated. Robot axis 1 inverter currents are compared 

for the two mentioned scenarios, with absolute and relative current value difference being 

plotted in Fig. 3.16. As the brake energy is introduced during deceleration, the most significant 

difference of the current profiles is also at the decceleration   
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Fig. 3.16. Comparison of relatibe and absolute value differences for axis A1. 

 

Further translation from inverter current mission profile, to IGBT and anti-parallel diode 

junction temperature is completed as shown in Fig. 3.17. Current to junction temperature 

translation is required to continue with lifetime consumption estimation for the two simulated 

profiles. Due to existing thermal intertia of materials temperature profile does not directly 

follow mission profile current, therefore current peaks are smoothened during translation 

calculations. 

 

 

Fig. 3.17. Junction temperature estimation of IGBT and diode for A1 

 

Data visualization reveal that highest temperature peak values at 0.6 s are for profiles 

without external capacitance. Values of the second temperature peak at 1.8 s are higher for 

profile with the added capacitance. Conclusion is that external capacitor may not reduce the 

junction temperature peak values through all of the operation, however, the amplitude between 

peak values appears being reduced. 

Processing the junction temperature data through filters and Rainflow algorithm lead to 

lifetime consumption values for the simulated profiles. Data (Table 3.1) and visualization (see 

Fig. 3.18) analysis confirm the initial assumption, that addition of external capacitor of brake 

chopper to the DC bus might improve lifetime of the reviewed power circuit elements (IGBT, 

anti-parallel diode). Reduced lifetime consumption means that overall lifetime expectancy of 

the material has incresed.  
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Fig. 3.18. Lifetime consumption for state of the art hardware layout without external 

capacitance, and with 7.3  mF added capacitance to absorb regeneration energy peaks. 

 

Simulation data reveal more than 10 % (12.73 % for IGBT and 14.67 % for anti-parallel diode) 

lifetime consumption difference when comparing the two the reviewed circuits. As the general 

trend is confirmed, with an addition of external capacitance lifetime consumption is expected 

to decrease for the remaining axis of industrial robot A2-A6 as well. 

Table 3.1. 

Change of lifetime consumption values with and without added external capacitance. 

 A1, Cext=7.3 mF A1, Cext=0 mF Change 

Lifetime Consumption, IGBT 7.12E-06 % 8.03E-06 % 12.73 % 

Lifetime Consumption, anti-parallel diode 7.41E-06 % 8.49E-06 % 14.67 % 

 

According to the data, energy recovery rate for the state of the art circuit with external 

capacitor is very high, as barely any braking energy is lost, mostly in efficiency losses rather 

than direct dissipation in active resistance.    

 Total cost of the hardware setup is considered average, as it is more cost effective upgrade 

for smaller sites with agile (high velocity, multiple start-stop cycles) robot programs. It is more 

expensive and less cost efficient to upgrade existing sites with larger robot quantity and slower 

(small velocity, process without start-stop cycles).   

 Reviewed layout is a state-of-the-art circuit with added external capacitance, therefore 

majority of the layout is readily available and used widely in industry. Added external 

capacitance, including simple balancing circuit is either completely or mostly a passive 

element, easy to source and implement.   

 Addition of external capacitance does not introduce any redundancy regarding DC bus and 

power supply in the existing state of the art hardware layout.  
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Optimal external capacitance calculation method provide capability to adjust performance 

for the specific program of current robot system, in order to maximize the benefits. Sure, to 

reduce the energy consumption, general energy efficient path planning rules apply as well.  

The inverter semiconductor switch lifetime consumption estimation results presented in this 

section allow concluding that the expected failure probability of a state-of-the-art circuit with 

additional capacitance is lower than for a system without this addition. Relative and absolute 

values are mission profile dependent. Drawback of this layout is that a new component 

(capacitor) with its own failure probability and characteristic failure modes is introduced in the 

system. Consequence of a failure is considered average for this layout as well, as a single 

source, single robot power supply circuit is reviewed.  

The probability of implementation for the state of the art layout with additional capacitance 

is high. The demand is created by the promised energy consumption reduction of this relatively 

simple addition to the most commonly used hardware layout, preventing the brake chopper 

dissipation. Drawbacks include limited options to estimate the required capacitance before the 

actual implementation of the robot and several test-runs of the robot program with load, as it is 

not provided by the manufacturer and require robotics engineer involvement. Overall 

conclusion is that this is a highly probable hardware layout.  

  

3.2. Advanced DC Link Layouts of Robots 

There are limited performance (efficiency, reliability, etc) improvement options if one of 

the requirements limits the amount of hardware changes, therefore single robot topology 

assessment in this study is categorized in simple modifications (external capacitance) and 

advanced upgrades. Simple modifications have been reviewed in previous section 3.1, while 

sub-sections of 3.2, section 3.2.1 reviews the introduction of a new DC/DC converter and 

section 3.2.2. – an introduction of a bidirectional rectifier with inverter capabilities to return 

generated energy to AC grid. Characteristics of the topologies are analyzed and compared 

according to previously highlighted key areas, such as energy recovery, redundancy, failure 

probability and others. 

 

3.2.1. DC Bus, Capacitor+Converter  

 

In state of the art circuit with added capacitor, there is a charge threshold as described 

previously. Due to electrical limits, charge below threshold is not available for consumption 

during acceleration of industrial robot, as the voltage is unable to decrease below lower limit 

value (see Fig. 3.19). One of possible options to access more energy is by introduction of 

DC/DC converter with wide voltage range between the DC bus and capacitor. 
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Fig. 3.19. Stored energy charge level within DC bus capacitor during robot movement without 

added external capacitor for optimal energy recovery. 

 

As mentioned earlier, capacitor connection without series layout often is not technologically 

possible due to high maximal voltage of the DC bus, such as 540 V to 600 V DC within KUKA 

systems. While parallel-series layout is possible, there are several limitations to this setup, 

compared to systems with DC/DC voltage level converter between storage units and DC bus. 

Connection of electrical storage units to high voltage DC link through voltage converter has 

been researched by other industries earlier, as shown in Fig. 3.20. DC/DC converter is installed 

between high voltage DC bus, and supercapacitor or electrolytic capacitor connection, either 

reducing the voltage or boosting it to the required level.  

 

 

Fig. 3.20. Integrated DC bus system of KUKA industrial robot controller with an external 

capacitor and interfacing DC/DC converter connected to DC bus. 
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Throughout the operation, voltage within DC bus of KUKA industrial robot ranges from 

520 V to 680 V , therefore energy is accessable through this voltage range as well, and voltage 

is unable to decrease below 520 V – at full discharge voltage is 23 % lower than full charge, 

never reaching 0 V. Energy in capacitor follows Eq. (3.1), where E – energy [Ws], C – fixed 

capacitance [mF] and U – change in DC bus voltage between reference and end of charge 

voltages [V]. 

𝐸 =
1

2
𝐶𝑈2 

(3.1) 

System with DC/DC converter reduces the unrecoverable energy providing the availability 

to manage storage side DC voltage at wider amplitude, and provides additional protection for 

storage capacitors, through voltage controlled switches or fuses.  

Some of the benefit is lost at the power losses of the converter. Costs of the converter are 

added compared to parallel-series capacitor connection, but a smaller number of high voltage 

capacitors are required, improving energy density. 

Energy recovery rate for a system with DC/DC converter is high. Similar to a direct 

connection, energy capacity of storage elements is selected to meet the requirements of the 

robot program. While the overall recovery rate is sufficient, converter introduces additional 

efficiency losses, which increase the amount of dissipated energy. 

Cost structure is similar to previously reviewed directly connected additional capacitance 

layout, in terms of being more cost effective to smaller sites with agile programs, and less cost 

efficient upgrade to existing sites with larger robot quantity and slow cycles. Introduced 

converter lower the overall cost efficiency of the setup, as in general direct connection layout 

is capable to store sufficient charge, and converter would be the most efficient with larger stored 

energy capacity. 

Either high voltage or low voltage energy storage solutions, both are available and used 

widely in industry. In addition to the passive energy storage, an active DC/DC converter 

hardware is introduced. Sourcing a converter to support the required voltage conversion rate 

and power could become difficult, therefore this layout is considered less available. 

Neither direct connection nor an additional DC/DC converter does not provide redundancy 

regarding DC bus and power supply for full operation of the robotized equipment. The 

interfacing converter does enable connection of a larger stored energy capacity solutions. It 

enables an option to power the equipment for a period of time, for example, to return of 

manipulator to a safe home position. 

Added external capacitance is adjusted to align with the regenerated power values of the 

specific program of current robot system. The increased storage capacity enables an option to 

support short backup or uninterruptable supply also adjustable to the requirements of the 

specific manufacturing equipment. In some scenarios, the introduced DC/DC converter 

parameters could become a technical limitation for the complete backup supply system.  

As concluded earlier, in general an optimal DC bus capacitor capacitance reduces the 

lifetime consumption for the motor drive power electronics semiconductor switches, likely due 
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to the reduction of current values and more stable voltage. The same principle applies to a 

system with a capacitor and an additional converter, sure, absolute and relative values depend 

on each mission profile. Drawbacks regarding lifetime consumption are the failure probability 

curves and characteristic failure modes of the introduced equipment – storage elements and 

DC/DC converter. Failure consequence for this single source, single robot power supply circuit 

is considered average. If the enabled backup supply option is integrated, partial failure of the 

system could affect the performance of the specific robot during supply interruptions.  

Probability of implementation for the state of the art hardware layout with a DC/DC 

converter separated additional energy storage is average. The demand for this layout is 

supported by the requirement to store energy previously dissipated in brake chopper, and the 

requirement to provide some backup power supply capabilities with larger energy storage 

options. Drawbacks include ones mentioned previously, that required energy capacitance 

estimations are complicated without the model or hardware installed and measured. Converter 

properties are discutable as well, as they will affect the system performance and change cost 

efficiency. Uninterruptable power source is a process requirement for a selection of 

manufacturing processes, but most processes either do not require it or would have to evaluate 

the cost efficiency of this application. Overall conclusion is that this is a probable option, 

expected to be limited to a specific applications. 

 

3.2.2. DC bus, Bidirectional Rectifier  

 

Concept of energy storage is based on requirement to store electrical energy until it is 

required for use by any consumer, such as industrial robot. If analyzing a manufacturing 

environment, there are a lot of high power consumers connected to the grid on site, therefore 

storage is not the only option for management of recuperated energy, as it can be returned to 

grid and consumed at the same moment. As power is supplied to robot through AC/DC 

converter operating as rectifier, the same converter is required to operate as inverter as well to 

support energy return to grid. Industrial robot system with installed bidirectional AC/DC 

converter R1 consists of energy consumers, generators – PMSMs  (M1.1...1.3, M2.1…2.3), bidirectional 

KUKA Servo pack AC/DC converters (Inv1, Inv2), filtering capacitors (C1, C2) as shown in Fig. 

3.21. 
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Fig. 3.21. Industrial robot electrical cabinet supplied through power supply with fully 

integrated inverter [63]. 

 

As long as the motors of industrial manipulator operate as electrical energy consumers, R1 

is operating as rectifier and Inv1, Inv2 are operating as inverters to provide required voltage for 

acceleration. As robot is decelerating, Inv1, Inv2 are returning the excess energy to DC bus 

operating as rectifiers, and due to voltage increase in DC bus, rectifier R1 is switching to inverter 

mode and return this generated electricity to AC grid before it, turning the energy meter 

backwards. 

While bidirectional AC/DC converter setup may seem simple, it has several major 

drawbacks. Power lost due to voltage conversion losses are small, but motors of industrial 

manipulator operate as generators for short periods of time even during handling operations. 

AC grid capable inverter is expensive due to sophisticated synchronisation control system, and 

number of power electronics semiconductor switches is increased as well. High output voltage 

quality standards of grid-tied inverters is another challenge for bidirectional AC/DC converter 

developers. There can be dozens of robots connected to one AC grid, and several hundred or 

even thousands within a region [65], posing “a threat to network in terms of stability, voltage 

regulation and power-quality issues” [66] due to distributed generation.  

From a single industrial robot system point of view, energy recovery rate for a state of the 

art system with bidirectional rectifier is high. It is assumed that the grid has unlimited capacity 

to accept the energy peak generated by robot motors. Some of the generated energy is lost in 

efficiency losses of the involved power electronics converters. Operation of a bidirectional 

power supply for microgrid applications has been studied in [67]. 

Cost of the hardware is considered above average, as current rectifier within KUKA Power 

Pack is replaced with industrial AC grid capable grid-connected high power three phase 

bidirectional rectifier/inverter equipment, or extended with an additional inverter module. Cost-

efficiency is questionable and depends on the specifics of the robot program, as less agile 
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programs does not establish a sufficient demand for a grid connected energy recovery system, 

as seen from previous examples.  

While not common in robotized manufacturing environment, bidirectional energy flow in 

drive systems is common in other areas. Returning motor energy to grid is offered for elevator 

systems [68, 69], therefore the technical solutions are available. The existing systems are being 

provided as a separate regenerative unit connected to DC link for more flexibility, as fully 

integrated regenerative system limits the available use case options. State of the art robot power 

supply system supports the the addition of an inverter module to DC link as shown in Fig. 3.22. 

 

 

Fig. 3.22. Industrial robot electrical cabinet supplied through standard KPP power supply with 

an additional inverter module. 

 

Connecting a bidirectional power supply with an inverter capability does not provide 

redundancy regarding operation of the connected robotized equipment, since the robot power 

cabinet is supplied through single power source.  

Although some inverter module adjustment is possible to a specific robot program returned 

peak currents – it is not expected. Implementation of an inverter module with support to high 

rated return power peaks reduces the development cost and enables further program 

adjustments. Overall, this setup does not provide nor require any adjustment options to the 

needs of various mission profiles. 

General conclusion regarding lifetime consumption of the motor drive power electronics 

semiconductor switches applies to a layout with bidirectional rectifier as well. Reduced current 

values and more stable voltage reduces the lifetime consumption. Improvement values depend 

on each mission profile. It applies to a system with additional inverter module as well. 

Drawbacks of the lifetime model – as a new hardware is introduced with their failure probability 

curves and characteristic failure modes, increasing the quantity of components, overall lifetime 

estimation is expected to worsen as the probability of failure has increased.  

As the reviewed bidirectional supply layout is a single source, single robot power supply 

circuit, failure consequence is considered average. In case of failure, a distruption is expected 
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in the single robot system, with possible effect on a manufacturing cell of several robots or 

manufacturing line, if a extended delay is caused.  

The reviewed layout has a low probability of implementation. The demand is supported by 

the specific requirement for a general solution to regenerated energy not involving storage 

elements as capacitors. Dimensioning of storage capacitor is not a problem, as the excessive 

generated energy is returned to grid. The addition of inverter or bidirectional rectifier provides 

an option to return electrical energy to AC grid, the DC link of robot cabinet supports the 

connection of external energy sources, such as solar panels with DC output, where energy is 

returned to grid when not directly consumed by the equipment. While an unlikely requirement 

for general consumers, some use cases are expected have this requirement.  

Drawbacks of the system include limited use cases, challenges to select the converter 

parameters and limited options of the equipment in the market. Bidirectional rectifier includes 

an active converter which increase the cost and worsen the overall reliability of a system 

compared to state of the art layout. Cost efficiency for a single robot system with no additional 

energy sources is questionable, as the more popular use case for a bidirectional converter 

elevator systems include extended generation durations in high-rise buildings. 

3.3. Multiple Interconnected Robot System Layouts 

Advanced hardware upgrades to improve performance (efficiency, reliability, etc) of the 

single robot topology suggest an introduction of various new converters (a DC/DC converter 

for storage, DC/AC for return to grid) expanding the capabilities of robot cabinet DC link. This 

section suggests to continue the changes of existing state of the art layout and provides an initial 

analysis of various layouts focused on multiple robot cabinets with a shared DC link.  

The main benefits and drawbacks of multiple robot connection are discussed in general at 

section 3.3.1. Section 3.2.2. reviews the option to supply multiple robot systems through a 

single rectifier. Connection of multiple state of the art systems to a shared DC bus is reviewed 

in section 3.3.3. Topologies are analyzed and compared to highlight significant benefits and 

drawbacks in the terms of energy recovery, redundancy, failure probability and others. 

 

3.3.1. Multiple Robots, DC Link 

 

Some of industrial robot cells (enclosed manufacturing area where robots are operating) 

contain several robot units, as they both participate in handling or manufacturing operations. 

Voltage in DC bus directly depends on the movement program of robot. If it is accelerating, 

then the voltage is lower and electricity is being consumed. If the robot is decelerating, the 

voltage is increasing and electrical energy – generated. If one of two robots accelerates at the 

same time, directly or soon after stopping of the other unit, some of the generated energy could 

be re-used. 
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Such multiple robot systems enable possibility to establish a DC link between DC bus of 

these robot power supply circuits. This enables to further improve efficiency, as one of robots 

can consume electricity which is generated during deceleration of the second robot (see Fig. 

3.23), and the brake chopper use time as well as capacitance of the DC bus can be reduced 

during normal operation [58]. Connecting more industrial robots to shared DC bus can decrease 

the overall dissipated energy in brake chopper significantly, as probability of simultaneous 

acceleration and deceleration of two motors is increasing. Therefore if multiple robots are 

linked at DC bus, but they accelerate, decelerate simultaneously to each other, setup will not 

have the desired effect. Scheduling of robot movements can be planned through virtual 

commissioning software.  

 

 

Fig. 3.23. Impact on energy dissipation in brake chopper of multiple robot electrical cabinet 

interconnection through DC link [66]. 

 

As the concept of joining several robot units to single DC link has been approved as 

effective, there are several aspects to consider regarding the power electronics hardware layout 

of the system. One of these aspects is choosing the power supply for the new multiple robot 

system, as it can be supplied either by single high power rectifier, or several redundant sources. 

Single and multiple power supply industrial robot DC link systems are analyzed in terms of 

energy recovery, redundancy, failure probability, through the following sections 3.3.2 and 

3.3.3.  

 

3.3.2. Single Rectifier, Multiple Robots, DC Link 

 

For manufacturing facilities in planning or development where groups of robots are located 

in single cell, it is possible to link robots with common DC link (see Fig. 3.24), and supply the 

system from single, high power industrial rectifier. There are several significant drawbacks and 

things to consider regarding this approach, including reduced reliability (high costs for 

redundancy) and requirement for high combined peak power, meaning more expensive (higher 
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current) hardware. German patent is issued for a setup of multiple industrial manipulators 

powered by single, large power rectifier for Daimler AG [70]. Demo laboratory of this setup 

was also presented during project AREUS [1]. 

Sample setup of single high power rectifier and multiple industrial robots sharing a DC bus 

include rectifier R1, inverters Inv1,.. Inv4, PMSMs 1.1,..,4.4 and operational external energy 

storage unit Cext as shown in Fig. 3.24. 

 

 

Fig. 3.24. Connection of multiple industrial robots to a shared DC bus with centralized 

supply and an external capacitor for additional energy storage [70]. 

 

Similar to previously discussed layouts of industrial robot power circuitry, recuperated 

energy is stored in capacitors or dissipated in brake chopper, connected to DC bus. Capacitance 

of external capacitor can be reduced as with many robots with common DC link more energy 

is used without storing. Brake chopper must remain connected to DC bus, as its primary 

function is DC bus circuit overvoltage safety switch [71].  

With this being the first discussed layout of DC link within this research, the most 

significant advantage over previous systems is that if a manipulator linked to the same DC bus 

accelerate during deceleration of another robot, energy can be used before storage in capacitor, 

and losses are decreased further [58]. Benefit increases together with number of electrical drives 

connected to the common DC link, as probability of instantaneous energy exchange between 

robots becomes higher (actual movement dependent). 

All of the power from AC grid is supplied through single rectifier, and operation of the 

system completely depends on its performance, which is challenge for reliability also due to 
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centralized component heating. Support of redundancy for high peak power, high reliability 

industrial system is expensive. With the increased number of robots, standby power 

consumption has increased as well, making it increasingly cost effective to consider connection 

of an alternative power source, such as solar panels to the common DC bus. 

Energy recovery rate for multi-robot systems is considered high in general. To maximize 

the efficiency, an additional capacitor is an available option. Since the assumption of maximal 

energy recovery for this hardware layout considers connected robots accelerating and 

decelerating simulatenously for the consumption of generated peaks, scheduling of programs 

and movement has increasingly important role in the process. Some of the regenerated energy 

is lost in efficiency losses of the involved voltage converters.  

Several alignment options were studied through this work to confirm the program 

scheduling effect on hardware lifetime consumption. Spot welding program with duration of 

13.66 seconds (see Table 2.5) was selected base program, and 10.25 seconds long handling 

program was selected as an overlay program, changing the alignment related to welding 

program as shown in Fig. 3.25. Robots are simulated with a shared DC bus, supplied through 

centralized rectifier. 

 

 

Fig. 3.25. Studied alignment options for sample handling and welding robot programs 

connected to a shared DC bus with centralized supply 

 

Simulated voltage in DC bus is compared for the 4 studied scenarios of welding and 

handling 6-DoF KUKA industrial robot programs are shown in Fig. 3.26. Analysis confirm that 

scheduling scenarios of robot programs have different DC bus voltage profiles.  
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Compared to a single robot system, simulated setup with two connected robots has doubled 

the number of linked motors from 6 to 12. Energy exchange between motors has increased the 

current flow direction change, which affects the voltage profile. Even though the robot 

programs and required energy to perform movement does not change, alignment of power 

consumption and generation peaks is different, leading to significant differences in DC bus 

voltage data. The common for both scenarios is base DC bus voltage profile defined by welding 

program. The lowest values of DC bus voltage are caused by current consumption peaks, and 

the highest values (triggering the brake resistor switch) are caused by current generation peaks 

with no immediate consumers available.  

 

 

Fig. 3.26. DC bus voltage for various alignment options of the two robot programs. 

 

Energy consumption data for the simulated profiles reveal differences in energy 

consumption, average power and average power on chopper values as well (see Table 3.2). 

Reviewed alignment differences reveal 3 % change in both, energy consumption and average 

power, which can be considered a significant as programs are setup for long term operation. 

Values of average power on brake resistance range from 0.10 kW for middle alignment, to 0.23 

kW for right alignment. Data show almost no difference between left alignment and slightly 

offset (250 ms) program.  
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Table 3.2 

Energy and Power Data of the Simulated Various Handling and Welding Robot Program 

Alignment Options (see Fig. 3.24). 

Alignment Energy [kJ] Average power [kW] Average power on 

chopper [kW] 

Middle 51.90 3.80 0.10 

Left 52.69 3.86 0.15 

Left, 250 ms 52.67 3.86 0.15 

Right 53.51 3.92 0.23 

 

Simulated current profiles of scheduling scenarios have been compared (see Fig. 3.27). 

Regarding the current mission profiles, a one of major indicators is the current peak at the 

beginning of program when most axes accelerate to change robot position. For single robot 

peak value is 20 A, while combined current consumption peak values for a layout with single 

power source can reach 43 A. Other scheduling options still have the current consumption peak, 

but with lower values – at 35 A and 37 A. Left alignment with 250 ms offset reveal that the 

initial current demand has decreased from 43 A to two separate peaks of 20 A and 30 A. 

 

 

Fig. 3.27. Current consumption from AC grid through central rectifier for various alignment 

options of the two robot programs 
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Two of the scenarios (middle and right alignment) were selected for lifetime consumption 

analysis of the robot inverter IGBT modules for one axis, in an attempt to confirm or deny that 

alignment of robot programs may affect the semiconductor module lifetime, and to evaluate the 

possible scale of change. Middle alignment has the lowest energy consumption and average 

brake chopper power, while right alignment is the opposite for both values – highest energy 

consumption and highest average brake chopper power of the 4 studied scenarios. See 

comparison of the DC bus voltage for the two scenarios in Fig. 3.28. First seconds of the DC 

bus voltage profile during which welding robot axis are changing position are shared between 

the base welding movement and handling movement overlay. 

 

 

Fig. 3.28. DC bus voltages for two sample welding and handling program alignment options.  

 

Junction temperatures of the both scenario handling robot axis 1 inverter IGBT and anti-

parallel diodes are plotted in Fig. 3.29. Immediate difference is the different offset of 

temperatures in time, which is caused by different alignment to the base welding process, 

however, the different offset is not expected to have a significant impact on long term lifetime 

consumption.  

 

 

Fig. 3.29. Estimation of handling robot Axis 1 inverter IGBT and anti-parallel diode junction 

temperature during operation of two sample welding and handling program alignment 

options. 
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More significant parameter is the value of the highest junction temperature peak, and there 

is a difference between the two scenarios for both – highest value of IGBT and diode. Junction 

temperature at 8.0 s has peak values of 65 °C (diode, right align) and 55 °C (IGBT, right align), 

and at 6.0 s peak values of  60 °C (diode, middle align) and 52 °C (IGBT, middle align). 

Lifetime consumption analysis for the simulated junction temperature data confirm that 

both alignment scenarios are not equal, as shown in Table 3.3. Results reveal that operation of 

robot programs in right alignment is expected to have 10.21 % more damage on IGBT, and 

45.58 % more damage on anti-parallel diode of the analyzed axis drive inverter power 

electronics switch components.  

Table 3.3. 

Change of lifetime consumption values for right and middle alignment of welding and 

handling robot programs. 

 Align middle  Align right Decrease 

Lifetime Consumption, IGBT 7.89E-06 % 8.78E-06 % 10.21 % 

Lifetime Consumption, anti-parallel diode 8.68E-06 % 1.59E-05 % 45.58 % 

 

Compared to other hardware layouts, lifetime consumption for a multiple robot system of 

the motor drive power electronics follow the same principles as discussed. Challenge of this 

layout is to manage the optimal efficiency and reduce energy dissipation in brake chopper 

through program and movement scheduling, as it has been confirmed (see Fig. 3.30) in the 

study presented in this section. Number of rectifiers is reduced which is an improvement to 

overall reliability, with the effect becoming increasingly significant with higher number of 

robots. Drawbacks of the model include introduction of a new hardware with failure probability 

curve and characteristic failure modes. Scaling of the central rectifier is a challenge, as rated 

parameters for the AC/DC converter change with each added robot unit.  

 

 

Fig. 3.30. Lifetime consumption for the power electronics switches of robot Axis 1 inverter, 

for two sample program alignment options. 

 

Hardware cost for multiple robot system with a single supply is considered high. Benefits 

for the costs are that current KUKA rectifiers are not required. The main drawback is that the 
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same combined power has to be supplied through the single supply, with a very high total rated 

power (unless mission profile values are available from simulation). Costs are expected to be 

higher due to the fact that rectifier has to use increasingly expensive high power components 

for the support of multiple robots. If power supply redundancy is required by the specifics of 

manufacturing process it is financially expensive, as the backup supply must be with high rated 

power as well.   

Multiple robot system with a central power source require a high current rectifier, with peak 

current value being mission profile and and number of robots dependent. A wide range of AC 

to DC voltage rectifiers are available in market as there are several industries that require high 

power conversion. One of the drawbacks regarding availability is that current robot systems are 

designed to control electrical cabinet of a robot including a rectifier, therefore reaching out to 

robot manufacturer may be required to enable hardware and software support for a centralized 

power source.  

Connection of multiple robots with a single power source does not provide redundancy 

regarding operation of the robots. As mentioned earlier, redudancy options are expensive for 

this type of layout, therefore would be questionable in a budget-limited manufacturing 

environment.  

Multiple robot connection to a shared DC bus require scheduled robot program timing of 

accelerations and decelerations for energy efficient performance, especially significant for a 

systems with low robot quantity. Addition of external capacitor to store the excessive 

regenerative energy is an option, selected to store the regenerated power values of the specific 

programs of current multi-robot system. Therefore multiple robot layout with centralized 

supply is adjustable to specific robot programs with an addition of external capacitor, and 

scheduling of robot programs. Example of multiple operation process and robot programs is 

presented in Appendix B. 

Failure consequence of a multiple robot system with single power supply is high. Without 

a redundant power source, multiple manufacturing cells with electrically connected robot 

cabinets are possibily affected and expected to have production distruptions. Design of the 

centralized power supply should be selected to have spare parts available to avoid repair delays. 

The probability of implementation for the layout reviewed in this section is average and this 

is not expected to be selected as a mainstream option for most sites. The demand is supplied by 

a requirement of the engineering team to have a DC grid in the manufacturing site. As the 

previously reviewed additions – additional capacitance, inverter, solar power, DC/DC converter 

for larger energy storage elements – are supported by the DC grid layout and are more 

reasonable for multiple robot systems. It is an integrated solution with a possibility to become 

highly effective.  

Drawbacks of the layout include limited use cases due to high engineering effort required 

for a setup, dimensioning challenges for the specific robot profiles if electrical consumption 

simulation data are not available during design and development phase. As the reliability risks 

have increased for a single supply multiple robot system, costly redundancy should be 
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considered when selecting and approving the central rectifier unit (increase component 

derating, source higher quality materials, make sure of sufficient component cooling, etc).  

While there are use cases which benefit from a single supply DC grid system, majority of 

manufacturing sites are expected to select state of the art hardware layout with less engineering 

involvement, as it allows to reduce the setup time and costs, connecting the additional inverter 

or battery storage elements through local inverters to the factory AC grid.  

 

3.3.3. Many Rectifiers, Many Robots, DC Link 

 

Single high power power supply is not the only option to supply a multiple robot system. 

An alternative option is to establish a multiple robot DC link by connecting multiple state of 

the art power supplies, that could already be installed at the manufacturing site. This could 

avoid a complete system redesign and large investment costs. Reviewed multiple power supply 

layout establish a DC link between existing state of the art robot cabinets by creating a parallel 

connection. It is similar to previously described system layout with single rectifier with 

exception that rectifier of each unit remains connected (see Fig. 3.31). Layout with multiple 

redundant power supply units providing energy from AC grid to common DC bus is created.  

As each cabinet is designed to supply a single robot, required power of two cabinet 

connection does not exceed the available power capacity, and addition of the new rectifier 

hardware is not required. The suggested DC link is a cost-effective upgrade where investments 

in hardware are already made, but there is a requirement for improved energy efficiency, 

reliability, or other reasons. Challenges of the multiple parallel rectifier system include 

asymmetrical balancing of rectifiers. A working prototype of multiple robots with the shared 

DC bus interface has been presented earlier [66].  

Similar to layout with single high power rectifier, after establishing a DC link between robot 

cabinets the requirement for chopper resistor remains, as a upper voltage limit still exists for 

circuit safety purposes. External storage is still an option as well, while the capacity can be 

adjusted according to the new layout and manipulator movement programs. DC link enables 

new system capabilities - energy sharing between the cabinets avoiding storage, which is an 

addition to previously discussed external storage.     

 



 

97 

 

 

 

 

Fig. 3.31. Connection of multiple industrial robots to a shared DC bus between the existing 

robot power supply cabinets [57]. 

 

As mentioned before, shared DC link setup creates a connection between two or more state 

of the art industrial robot cabinets enabling exchange of recuperated energy during operation. 

DC link is connecting KUKA Power Pack rectifier KPP1 and KPP of the second cabinet KPP2. 

Inverters (KSPn), capacitors (Cn), PMSMs (Mn), brake chopper resistances (Rbr) with control 

switch (Sn) remain connected as previously. External storage (CExt) for recuperated energy with 

or without converter (UExt) is optional, yet recommended. 

There are multiple benefits of multiple parallel rectifier layout of already existing industrial 

manipulator cabinets, compared to setup with single high power rectifier. Reliability of multiple 

rectifier setup is higher due to easier redundancy, reduced voltage ripples at output, and easier 

thermal management. As power is decentralized between several cabinets, components have 

lower current ratings  [72], meaning also smaller footprint of power modules for easier handling 

and setup. Layout with multiple redundant rectifiers is also easier for uninterruptible power 

supply management and performance of active power filters [73]. See sample electrical power 

circuit of the DC bus interfacing module shown in Fig. 3.32. 
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Fig. 3.32. Electrical power circuit of the DC bus interfacing module [66]. 

 

Some of the challenges for multiple redundant power supply layout include management of 

ground current effect [66]. High performance DC switches are required to establish and manage 

this DC link. 

Other applications in industry with redundant high power supplies are documented at fuel 

cell applications [72], induction drive control [73], and used widely where high reliability is 

required. Daimler AG is holding a patent for both, single and parallel power supply layouts of 

industrial manipulator cabinets linked by DC bus [70]. 

Similar to previously reviewed multiple robot system with single power supply, analysis of 

multiple supply system lead to the same conclusions regarding energy recovery. The main 

factor to consider is scheduling of programs and movement, as the alignment of linked robot 

accelerating and deceleration cycles, as simultaneous generation rise the voltage in shared DC 

bus and eventually trigger the brake chopper over-voltage switch. Additional capacitor is an 

option to maximize the efficiency. Some of the energy is lost in efficiency of the voltage 

converters and interfacing hardware.  

Hardware cost for the reviewed system is considered above average and the introduced 

equipment could be considered as an addition to the existing state of the art robot electric 
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cabinet. Benefit is that the interfacing enables further sharing of additional capacitance, or 

connection of inverter, solar panels, and that way reduce the cost of improvement per robot 

unit. The main drawback is the highly specific hardware that supports the interfacing between 

shared DC bus, and being in development the cost evaluation is difficult.  

While working prototypes have been developed and confirmed in operation, a market ready 

hardware has not been developed, therefore an interface between DC link of multiple robot 

cabinets is not available without investing resources in additional research and development 

(for the studied KUKA system). Through the development, it may be required to reach out to 

robot manufacturer to enable hardware and software support for a centralized power source. As 

robot manufacturers create a more integrated power supply circuits, option to connect similar 

interfacing adapters as suggested in this layout becomes more challenging.  

There are several options on how to conFig. a layout of multiple power supplies and 

multiple robots. Interfacing hardware may be controlled by previously defined voltage limits, 

either to support the exchange of generated energy (connect the DC link during energy 

generation), connect when a failure of other supply requires redundancy, or in other modes. 

While in theory multiple power supply interconnection allow redundancy, research and 

development process is required to, for example, reduce the ground current effect, and evaluate 

if the remaining supplies are able to provide the demanded amount of energy.  

Reviewed layout of multiple robot multiple power supply system does not require any 

adjustment or dimensioning for operation of any specific robot program, as each supply is 

supplied by original equipment manufacturer and is designed to supply power to a single robot. 

From software point of view, robot movement scheduling and timing is required for the best 

performance and alignment of generated power peaks. If excessive energy peaks are generated 

with no option of direct consumption, connection of an additional capacitor is supported.  

Lifetime consumption of the motor drive inverter IGBT modules during long term operation 

of any specific program is expected to decrease. Previous conclusion that reduction of lifetime 

consumption follows the reduction of brake chopper dissipated current peaks applies in this 

layout as well, as excessive energy is forwarded to an accelerating robot at lower voltage. 

Similar to one supply multi-robot system, challenge of the lifetime improvement is to arrange 

mission profiles accordingly. Connection of DC link interfacing hardware increases the number 

of components, reducing the reliability. None of the state of the art components have been 

removed, therefore reliability would be considered worse than the state of the art cabinet. 

However, if the support to redundant operation is provided, overall reliability of the robotized 

manufacturing system has been increased due to operation in case of failure. If supported by 

interfacing hardware, parallel supply and operation of the rectifiers reduce the output current of 

single supply through load balancing. The reviewed layouts does not provide any redundancy 

regarding failure of drive inverter, in case of which robot operation would be distrupted.  

Failure consequence of a multiple robot system with multiple power supplies is below 

average. If allowed by the manufacturing process and robot cabinet layout, the remaining robot 

power supplies could provide power to the failed robot cabinet. Manufacturing environment 
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requires to analyze the process carefully, as the remaining units could have not sufficient unused 

power reserves through combined operation of the robots, and reducing process speed to save 

energy may not always be an option. Therefore additional research is required for the specific 

programs to utilize the redundancy feature (see Fig. 3.33), which is expected to be an issue for 

the fast-paced manufacturing environment.  

 

 

Fig.. 3.33. Improvement of reliability through redundancy 

 

The probability of implementation for the reviewed shared DC link layout is very low and 

the interfacing hardware is not expected to continue the development process to production. 

Upgrade is considered as an add-on for the existing state of the art hardware. The demand is 

supplied by requirement for a DC grid, energy efficient and reliable system layout. The main 

challenge is that other layout options which are readily available provide similar benefits, 

therefore making the presented layout challenging to implement, and a significant obstacle to 

implement this add-on is the previously mentioned – manufacturing sites expect a ready and 

complete solution with minimal engineering effort, as there is very limited time to setup and 

run a production line. 

3.4. Start-up, Shutdown and Out of Routine Robotized System Events 

Robotized manufacturing equipment integrates more applications such as additional energy 

storage elements or is transformed to create a micro-grid with single or multiple power sources. 

There are several considerations regarding operation and events of the introduced hardware and 

the created grids. Section 3.4 highlights some of the additional events significant to operation 

of the robotized system.   

 Startup of an industrial system with integrated DC bus is reviewed at section 3.4.1. Factors 

to consider during shutdown and deactivation of manufacturing equipment is reviewed at 

section 3.4.2. Various out of routine events are analyzed at section 3.4.3. 

 

3.4.1. Start-up of the System 

 

Before operation of DC microgrid in various modes is possible, power-up of the equipment 

is mandatory. Proportionally, much less time is spent in power-up and start-up, compared to 

operation, therefore it has smaller impact to overall energy efficiency of the setup. As 

equipment is operating in modes out of standard operation, power-up can become a reliability 

risk as well, if not implemented properly. 
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In case of industrial DC microgrid with several industrial manipulators, power and voltage 

rated values are high and require caution. Alignment of equipment power-up sequence has a 

significant role in safe initialization of the hardware. Field scenarios includes start-up after 

power loss, either due to grid problems or human error.  

Sample industrial robot DC microgrid system as presented in Fig. 3.34. Power-up routine 

should begin by connection of pre-programmed and (optional) virtually commissioned control 

unit (PLC). Depending on system design, if logic control unit is not detected or has failed, the 

system should follow a logic that is not safe to power-up, and remain deactivated. 

 

 
Fig.. 3.34. Field example of a centralized supply DC microgrid system with multiple robots 

and additional converters for backup power supply and storage [1]. 

 

Controllers within the DC microgrid are supplied either from the main DC grid (via step-

down) or external 24 V power source, often supported by uninterrupted power supply, including 

PLC and controllers of various voltage level converters. Not only stepping down from high 

voltage DC bus can become complicated, often it is required for controller signals to be present 

before power-up of the voltage level converters, broadcasting its up status and commands to 

the linked devices as it is ready for operation. Controllers manage data of microgrid component 

statuses and may be required to boot first during system power-up. In case of main input power 

loss, DC microgrid may lose voltage rapidly, therefore not being reliable source for the control 

system power, compared to uninterruptable power supply backed up DC low voltage source. 

Power-up is followed by software start-up of the system. As it is initialized, main power 

supply for example, active front-end rectifier, can be powered-up and started. Enabling its 

output, main DC link of the microgrid will be supplied with voltage. Precautions are required, 

due to expected current inrush peaks from charging of various capacitors connected to the 

common DC bus. 

Connecting of possibly empty capacitor storage unit to DC bus would create a large inrush 

current peak, not only putting the power supply at stress, but also slightly reducing reliability 
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of the system. To avoid such peaks, power-on sequence should be considered, where after DC 

bus voltage has stabilised, soft-start mode is applied to charge the capacitors, by operating 

semiconductor switches with reduced PWM values. Soft-start limits the input current and is 

providing the initial charge of the capacitors simultaneously. 

If brake chopper resistance is available within the DC microgrid, it is an option to enable it 

during launch of system, modulating it with PWM and using it as soft start hardware to pre-

charge the capacitance of circuit [74]. 

Regarding other types of energy storage elements, such as batteries - they are generally 

considered easier to connect, as there is not the same instant inrush current as in case of 

capacitor. If battery storage is available, it is only recommended to not power-up 

simultaneously to capacitors, thus limiting the inrush current peak. After power-up, it is possible 

that battery will consume energy for a while, until stand-by self discharge is compensated and 

state returned to fully charged.  

Start-up and power-up sequence of complete microgrid is recommended to be reviewed for 

each specific project as there may be an equipment, which requires additional start-up time for 

initialization, self calibration or internal start up tests. One of examples is KUKA industrial 

robots, which at start-up require time for safety equipment - mechanical brake tests, duration 

around 1 minute. Charge of the capacitor and battery is possible as a parallel process.  

In case any local energy generators such as photovoltaic panels or wind generators are 

present at DC microgrid layout, it is recommended to connect them last, to avoid supplying yet 

powering-up circuit with two power sources. Several power sources might create a confusion 

between several operational modes and unnecessarily complicate the required control flow. 

To make sure system is powered-up and initialized properly, human operator involvement 

in start-up and power-up procedure is an option. Through control panel operator can provide 

the support either as an observer, or involve with decisions and process confirmation as well.  

 

3.4.2. Shutdown of the System 

 

Similar as start up is a standard operation of every system, shut down is as well. Operation 

of manufacturing sites is often arranged to maximize output by operating in multiple shifts 

throughout the week and optionally scheduling shut down for weekend or holidays. While not 

producing any output, down time is available for any maintenance work or implementation of 

necessary upgrades. Regarding status of industrial DC microgrid or any other equipment during 

this time, it is recommended to shut down as many as reasonably possible, to avoid losses of 

electrical energy and reduce the impact on reliability as remaining lifetime reduction.   

One of risk factors during and after shutdown is remaining charge within energy storage 

hardware components such as filtering capacitors and batteries. After input power 

disconnection, system requires a decision either to keep charge in storage elements or discharge 

the hazardous voltage for safety of maintenance employees. There are few reasons to keep the 

charge within filtering capacitors, while other electrical energy storage elements such as 
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supercapacitors or batteries might remain charged even through shut down, to not only to avoid 

decrease of charging cycles, but due to larger capacity it is more expensive to completely 

discharge them through the shut downs. They can be disconnected from DC grid, to avoid 

supply of power to other circuits.  

During development phase shut down sequence should be decided. Process is usually 

managed by PLC through the implemented network of data transfer and communication. 

Regarding the sequence, various shut down scenarios are available depending on connected 

hardware.  

A standard disconnection begins by completing the current movement profile or program, 

if any is still being executed. Input power supplies, any external energy storage or generation 

units are disconnected firstly. Other industrial hardware is safely disconnected after the voltage 

in DC bus is decreased, as disconnecting is started with generators and finished with loads.  

At the moment of system shutdown common DC bus voltage is ranging from 300 V to 600 

V, depending on system design. Along with the DC bus, voltage filtering capacitors are charged 

to this voltage as well, therefore circuit to discharge this bus and capacitors is required. Brake 

chopper resistance is an option to discharge the remaining charge of DC bus (see Fig. 3.35), 

however, converters of any external energy storage elements should be disconnected or 

powered off, or they might mistake the resistance of brake chopper as load.  

 

 
Fig. 3.35. Discharge of filtering capacitors through a connected brake chopper resistance. 

 

To reduce risks of equipment damage and high DC voltage arcing, it is recommended to 

introduce semiconductor switch in series with mechanical relay to break the electrical circuit 

with semiconductor first, followed by disconnection of mechanical terminals within relay, to 

create galvanic isolation of DC grid and voltage source.  

  

3.4.3. Out of Routine Events 

 

At manufacturing there is a probability of various unscheduled out of routine events to 

happen during the manufacturing cycle. Opposite to the scheduled cycle, which is formed of 

very well known variables as processed parts, industrial robots executing programs, storage 

elements smoothing the power consumption, unscheduled events such as accidents, break down 
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of equipment are predicted. These events may include loose network connector corrupting the 

data, human entering manufacturing cell, and others. 

It is common in manufacturing hardware to implement data bit for control synchronisation 

and acknowledgement, also called as “live bit”, indicating that PLC is operational and 

monitoring the system. Sample out of routine event is loss of the central control unit 

(disappearance of control signal) within previously presented DC microgrid system with several 

energy storage units, multiple industrial robots and other hardware. As PLC control is lost, 

equipment of the system should be able to either continue operation, complete cycle or enter 

safe stand by mode.  

Possible hardware malfunction include either open-circuit or short-circuit failure for one of 

many DC microgrid components. If some of less critical system components fail open-circuit, 

there is a probability that operation of the system may still be effective. Short-circuit can create 

new current loops and pull down power supplies of various integrated microchips (IC), having 

critical effect on system performance.  

As short-circuit event may cause damage due to over current, malfunction event should be 

recognized and actions should follow protecting the still operating hardware from further 

damage. Often choosing controllers with implemented overcurrent protection may help to avoid 

damage of other components, as failed controller may forward its input voltage to output.  

There are several scenarios which may trigger emergency stop. Standard case is triggering 

emergency stop by push button near manufacturing cell. Industrial robot cells often are 

equipped with virtual safety wall, which trigger emergency stop event when something has 

entered the cell during robot operation. In some cases event may be triggered after critical error 

is detected somewhere within system. Signal is input at PLC which follows emergency stop 

routine.  

During casual and scheduled shutdown equipment completes its operation, parts are 

processed and robot is stopped after program is completed after returning to home position. 

Emergency stop usually has an objective to stop manufacturing processes as fast as possible, 

therefore other conditions regarding robot position and equipment status after stop may apply.  

Average stopping time and maximal energy generated during an emergency stop is defined 

by parameters of the robot and its hardware power electronics components. For example, a 

KUKA industrial robot would come to a standstill in an approximately 1 second, generating 

97.2 kJ [63]. 

Multiple robots of industrial manufacturing cell could be connected to the same DC bus. In 

case of emergency situation in cell, all of the operational robots would supply recuperation 

energy to common DC bus, creating a significant peak current to dissipate at brake chopper or 

accumulate within energy storage elements. 

While safety curtain or push button triggered emergency stop may require further operation 

of robots and cell equipment with manual override, for example, to open access for help to 

injured, in case of emergency situation triggered by electronics hardware fault, shutdown may 

be required according to previously described routines. 
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Similar to standard operation programs, it is an option to model emergency stop scenarios 

with system parameters such as movement speed, tool and part weight within virtual 

commissioning software (VCS). Mathematical model of industrial robot energy consumption 

throughout execution of KUKA robot language code and integration in VCS is reviewed later 

throughout this work. 

3.5. Operation Models 

Integration of programmable logic controllers enable equipment designers to adjust 

operation of hardware elements according to the specific needs and operation requirements. 

Various operation modes have been reviewed during this study with the analysis being 

presented in section 3.5.    

 Basic overview of standard operation mode of DC micro-grid is reviewed in section 3.5.1. 

Operation principles of energy balancing model are discussed in section 3.5.2. Power infeed 

dimensioning requirements are presented in section 3.5.3., while section 3.5.4. includes a 

review of islanding control method. Section 3.5.5. presents an application example of robotized 

manufacturing hardware stand-by mode. 

 

3.5.1. Standard Operation Mode of DC Microgrid 

 

Managing charge of capacitor according to the maximal voltage of the common DC bus 

(see Fig. 3.36) is one of the most common operating modes. Voltage within DC bus and charge 

of capacitor is controlled by brake chopper resistance and switch. PLC controls and coordinates 

operation between various system elements, including industrial robots, brake chopper, storage 

unit, others. During recuperation, increasing voltage is monitored by measurement unit and 

reported to controller, which either switches the external capacitor for storage, or activates 

brake chopper if voltage rises too high or capacitor is fully charged.  

 

 

Fig. 3.36. Managing charge of capacitor according to the voltage of common DC bus 

 

Charge management by maximal voltage of DC bus is considered rather basic control 

method, not requiring complex control flow, but the delivered efficiency improvement is 
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significant. Some of the challenges which remain within applications of this control method 

include primary power supply current peaks due to acceleration of industrial manipulator 

motors, and current peaks from tools, including welding, clinching.  

 

3.5.2. Energy Balancing Model 

 

When developing control method for industrial robot system, dynamic characteristics of the 

system should be considered. Movement of industrial robot can change rapidly from 

acceleration to deceleration, and together with integration of various industrial tools create a 

dynamic system. Sample KUKA industrial robot peak power consumption can reach 20 kW, 

and sample welding tool reach up to 10 kW peak values in milliseconds. Link of multiple 

industrial manipulators to same DC link or AC input increase the combined power consumption 

peak value. 

Normally similar power consumption peak values put stress on the AC grid through the 

rectifier, while energy balancing mode is attempting to eliminate the power peak, or at least 

reduce it greatly. Energy balancing control method balance electrical energy in DC bus by 

consumed power mean value Paverage , according to Eq. (3.1), where Pbal  is balancing power, 

requiring either charge or discharge of the storage, and Ptot  is the combined instantaneous power 

consumption of connected hardware. 

𝑃bal(𝑡) = 𝑃average − 𝑃tot(𝑡) (3.1) 

As long as the subtraction of power consumption mean value Paverage and Ptot  the 

combined instantaneous power consumption of connected hardware is negative, power is 

consumed from the balancing dedicated storage elements in an attempt to reduce from AC 

supply required power value. If the instantaneous power consumption value is below average - 

storage elements are charged, as shown in Fig. 3.37. 

 

 

Fig. 3.37. DC microgrid energy balancing mode and power charge of storage elements. 

 

Simulation confirmation of energy balancing controls system has been developed in 

MATLAB environment [75]. Model supports multi-robot, multi-storage simulation providing 
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from active front-end rectifier supplied power values of the system (see Fig. 3.38). As with 

other common DC bus systems, integration of local energy generation sources such as 

photovoltaic panels is possible, but the effect on performance of energy balancing system is 

relatively small, providing slight decrease of Paverage value. 

 

 
Fig. 3.38. MATLAB model of multiple robot connection to a shared DC bus supplied through 

single power source. 

 

Integration of multiple robots to common DC bus system in simulation environment is an 

exciting improvement of previous models, as it provides information about load impact on AC 

voltage quality. Drawback of the reviewed model is not being able to model various trajectories 

of industrial manipulators, as it would provide possibility to easily schedule robots and 

movements in order to manipulate with combined power consumption profile. Currently, 

trajectories to the model are provided by utilization of model reviewed earlier in Section 2. 

As mentioned earlier at analysis of various hardware layout options, DC microgrid with 

either single or multiple power supplies is modifiable to great extent. Industrial DC microgrid 

layouts can include various number and wide variety of industrial manipulators, as well as 

industrial tools. Robot programs depend on requirements of manufacturing process, therefore 

speed and rate of acceleration or deceleration may vary.  

Due to high development and testing costs, hardware is more often developed modular and 

designed for wider use than for single, unique setup or application. Storage elements of DC 

microgrid are rather easy to install and integrate within the system. Some of available storage 

solutions include supercapacitors, various batteries, even flywheels and fuel cells. More 

dynamic cells will benefit more from storage than cells with less dynamic operating robots. 
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Fig. 3.39. Charge of energy storage elements operating in balancing (peak-shaving) mode. 

 

As the energy variation throughout the time is known from the model, not considering 

energy efficiency losses, charge at the beginning of cycle should equal charge at the end of 

production cycle (see Fig. 3.39). If energy is decreasing within the plot, it is being consumed 

from storage, if it is increasing, the energy is being stored. 

Input of capacitor energy balancing method is the power consumption before rectifier 

throughout the program time. Average value of power consumption Pavg with mean function, 

and power balance value Pbal is calculated as subtraction of instantaneous power consumption 

from average value. (as shown in Eq. (3.1)). Integral of balancing power values throughout time 

reveals energy flow throughout the process time, as shown in Fig. 3.40. 

 

 
Fig. 3.40. Process flow to compute required storage capacity for energy balancing, for 

example, capacitance of supercapacitor. 

 

In order to store the available energy in capacitor storage unit, having determined the largest 

value of energy required to be stored, capacitance of capacitor can be determined according to 

Eq. (3.2). C being the value of connected capacitance to store the energy peaks, Wmin - largest 

of energy peaks required to be supplied by storage, U2 is the value of highest allowed voltage 

and U1 - value of lowest discharge voltage. 
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𝑊 =
1

2
𝐶𝑈2 → 𝐶 =

2𝑊min

𝑈2
2 − 𝑈1

2 
(3.2) 

Simulated sample movement takes 20 seconds to complete and balancing storage is required 

to store 7242 J. With 50 V operating range at 500 V to 550 V, a 0.2758 F capacitance will be 

sufficient to store the energy.  

Power balancing method can help to provide the value of required storage for DC microgrid 

setup with several industrial robots performing different manufacturing tasks. Challenge is 

connecting other industrial tools to the common DC bus, as tool instantaneous power 

consumption may even exceed that of the robots. It is possible, that industrial spot welding tool 

would consume the balancing storage empty after single spot.  

 

3.5.3. Infeed Power Dimensioning 

 

Industrial power electronics converters are designed according to maximum power 

consumption requirements of the system. With a combination of multiple equipment units in a 

single system such approach may prove resource wasteful. For example, when combining 

multiple DC supplied industrial robots, main rectifier unit is designed to supply the combined 

maximum power consumption of all robots, even when such peak current is very unlikely due 

to scheduling challenges. It must be considered when designing the system power supply to 

avoid over-dimensioning. 

Efficiency graphs of common converter topologies reveal that efficiency is not equal 

through the wide range from zero to rated output power. Installing high power converter in a 

system where average power consumption is far below the nominal power, increase power 

conversion efficiency challenges are expected. With the increased power rating of the supply 

standby power losses increase as well. 

Power consumption of an industrial work cell can be predicted in both virtual 

commissioning software and by technical documentation. Energy consumption in production 

environment is cyclic and repetitive and with an access to either measured or simulated 

consumption data of the system, therefore assumptions regarding converter parameters can be 

made. 

Histograms of system repetitive cycle power consumption data were created for a single 

robot (see Fig. 3.41 (a)) and multiple robot layout (see Fig. 3.41 (b)). There are few things to 

consider regarding histogram data plotting, and when using this method for converter 

dimensioning. For example, multiple welding points with duration 150 ms in this graph will be 

multiplied by number of event occurrences and total duration of 1.50 s will be displayed. A 

sample converter would be able to handle multiple 150 ms overload events, but one 1.50 s load 

would result in equipment damage. Same principle applies to high industrial robot electrical 

loads as well. 
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a) b) 

Fig. 3.41. Power analysis results of a) single industrial robot program, b) 3 industrial robots 

with various programs of an industrial cycle. 

 

One of repetitive load power consumption profile data analysis methods to estimate the 

infeed power rectifier uses previously recorded data from the industrial system. Parallel analysis 

workflow is shown in Fig. 3.42. Each electrical energy consumer is measured separated from 

the system and analyzed individually. Values of the power consumption data table of the 

equipment are then grouped according occurring frequency.  

 

 

Fig. 3.42. Parallel power consumption profile data analysis [76]. 

 

For example, if all industrial robots spend most of time in standby mode, power 

consumption peak at standby power will be dominant. Parallel method reveals how often 

maximum power consumption values are reached and approximately how long the system and 

converter should be able to provide this amount of energy, as shown earlier in Fig. 3.43. 

Visualization reveals that energy consumption values during most of the sample cycle are at 

standby load. Power consumption value peak is around 50 % load of the system, revealing that 

high power converter for each consumer is required, but higher loads occur a lot less often.  

 

 

Fig. 3.43. Analysis of combined power consumption profile data [76]. 

 

Before analysis of the combined power consumption data, individual system consumers are 

combined in a data array, which is analyzed as previously described – visualizing frequencies 
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of all power consumption values of the data, as shown in Fig. 3.44. Similar to individual graphs, 

in case of industrial robot system, stand-by power is the most common value in data, followed 

by peak at around 30 % of unit rated load.  

 

 

Fig. 3.44. Combined power consumption profile data with combined rated power. 

 

In the presented example each load is rated at 20 kW and therefore combined converter 

rated power value is 60 kW. If robot acceleration peaks do not align, power converter is over-

dimensioned and operating between 3.3 % and 10 % of the rated load. Current industrial 

converters for combined systems are designed assuming that there is a possibility that all loads 

will require rated load at the same moment. That is the main reason is 60 kW supply was 

selected in [1]. Practical research and modeling reveals that probability of reaching this 

consumption is unlikely. 

Other peak current values, for example, created by welding equipment, even though with 

high power, last few milliseconds. Adjusting the main converter efficiency rate for such 

electrical loads is not cost effective. Some converters allow short lasting overload pikes without 

equipment damage. Capacitor should be considered, to protect the converter from damage 

during such demanding load. It is possible to reduce  the converter maximal parameters, if 

during high load condition converter is supported by energy storage unit and the case study 

power consumption profile analysis approve that most of time converter operate with stand-by 

or load below 10 %. 

 

3.5.4. Islanding Control Method of DC Bus 

 

There have been several power loss incidents reported from major manufacturing plants 

worldwide, such as Volkswagen, Toshiba, others [77], [78]. While not very common, power 

outage can become a cause for severe financial losses, both from production down time and 

damaged materials.  

Loss of input power can be measured and detected locally at the DC grid, therefore it is 

reasonable to introduce a mode to avoid damaging production materials, completing the 
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production cycle. By utilization of connected energy storage elements, this mode should 

provide the required energy to deliver system to a safe stop in case of input power loss.   

Required capacitance of storage elements supporting the islanding mode are directly 

dependent on setup and application, considering number of robots, movement profiles and also 

power outage timing. If outage coincides with beginning of cell process, large amount of stored 

electricity will be required to complete the started process. Therefore it is reasonable to consider 

either large capacity power storage battery units, or design a safe return to home function which 

is triggered at the power outage, stopping robot and attempting to save the involved materials. 

The same industrial robot movement program discussed at average power balancing method 

was simulated, to estimate capacitor size to supply the robot movement throughout the 

execution of the sample program. Through the duration of 20 seconds, an average power of 2.6 

kW or 51.5 kJ is consumed (see Fig. 3.45 (a)), leading to a capacitor with 1.963 F capacitance 

(50 V operating range, from 500 V to 550 V), which is sufficient to supply the robot to complete 

its operation entirely without input power supply.  

Some decelerations of robot motors throughout the profile recharge the capacitor (see Fig. 

3-45 (b)), but the generated amount of electricity is not enough to dramatically reduce the size 

of required storage. 

 

 
Fig. 3.45. Islanding mode operation– required energy (a) and consumed power (b). 

 

To compare scenario of completing the program with returning to default home position, a 

sample movement was programmed. Trying to simulate largest required return energy, axis 

motors of industrial were rotated near the software limits (see Fig. 3.46 (a)). By altering home 

position away from default, adding heavy industrial tool or payload to robot, the power 

consumption of robot motors will be increased, therefore even more energy will be required to 

return it to home position safely.  
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Fig. 3.46. Visualization of industrial robot returning to home position from the highest power 

consumption position for all axes (a) and a plot of required power from energy storage 

elements during this movement (b). 

 

In the simulated movement energy of 15189 J was consumed, resulting in a 0.5789 F 

capacitor with 50 V operating range (500 V to 550 V). During this movement PMSM of 

industrial robot with highest weight load is rotated by 184 degrees, increasing value of the 

required energy, as shown in Fig. 3.46 (b). As home position can be altered, it can further exceed 

this value as well, reaching an unlikely maximum of 368 degree rotation.  

As returning to home position consumes less energy than completing the production process 

of cell, it is more reasonable to use capacitor storage for return to home position in case of input 

power loss, from energy storage point of view, as capacitor with larger capacitance is more 

expensive. If the processed part is expensive, other storage solutions to supply production even 

in case of power loss are available apart from capacitors, such as battery storage, but in general 

they are considered more expensive than capacitor storage. 

  

3.5.5. Utilization of Stand-By Mode 

 

According to previous research and data of automotive manufacturers (see Fig. 3.47), 

instead of executing the programmed movement profile, a lot more often industrial robots are 

not moving at all. This also affects the energy consumption characteristics, as proportions of 

losses change if compared standstill to an operation, for example, brake chopper resistance is 

not normally connected during standstill. Analysis of about 10 thousand industrial robots from 

automotive production sites owned by Daimler AG, revealed that 81.1 % of year robot is not 

moving, compared to 18.9 % executing the programmed movement [61]. 
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Fig. 3.47. Robot load during one year of production [61]. 

 

During standstill of industrial robot, it either has mechanical brakes open or closed. If the 

brakes are open, robot is able to move and standstill is managed by holding the electrical motors 

in one position. During this time, electrical energy is being consumed by motors. Standby 

electrical power consumption of KUKA industrial robot cabinet Pstandby is about 650 W. Closing 

the mechanical brakes transfers the load of holding robot still from electrical drive to 

mechanical brakes, allowing to power down the motors and reducing the power consumption. 

Reduced consumption, with mechanical brakes closed, is Pcabinet, which is about 275 W [61].  

Attempt to transfer the electrical power consumption of standstill to financial losses, reveal 

about 200 € costs per one robot within 1 year. With mechanical brakes closed, 6600 Wh are 

consumed by the robot control cabinet during 1 day, resulting in 1.7 MWh of not efficiently 

used electric energy within 1 year. If these costs are multiplied according to number of robots 

mentioned earlier, it is clear that even slight improvement of standstill efficiency deliver great 

overall improvement.  

If industrial DC microgrid system is reviewed, integration of additional energy generators 

is a considerable option to reduce the total power consumption. Photovoltaic panels, wind 

generators, these are some of the available options for supply of electric energy to compensate 

for efficiency losses when the industrial robot is not operated.  

Setup of panels installed at Riga Technical University currently can supply 300 W electric 

power from 1 panel, therefore even a single panel can if not completely solve the cabinet power 

consumption problem, then at least reduce the financial impact of it. However, during analysis 

of the setup, it should be noted that photovoltaic panels are generators only during daylight. 

Wind powered generators can compensate through the night time as well.   

 By integrating alternative energy sources within industrial DC microgrid of industrial robot 

cells various operating modes become available on how to manage generated energy both, when 

the cells are operational and during stand still as well. These modes include exchange of energy 

from not operating production cells to others at operation within the same site. 

Other generation operating mode is when not only some of the cells are shut down, but the 

entire site is not producing. Such situations are common during events as holidays. If static 

electrical load of factory grid such as robot cabinets is not consuming, generated energy of 
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photovoltaic panels becomes available. If production site has installed 400 panels, this could be 

about 120 kW available for management.    

Energy can be returned to AC grid if it is supported by on site existing hardware (active 

front-end rectifiers), however the challenge of supply good quality AC voltage and current 

remains. To make management of this energy flow easier, separation of focused generated 

energy between AC network and local DC grid is an option. AC side rectifier is not required 

for such grid of photovoltaic panels, therefore single purpose inverter with good quality 

parameters is a reasonable choice.  

During normal workday operation of production site, static electrical load of industrial 

hardware should be able to consume the generated electricity. If generated power exceeds this 

load, then other options such as site lightning and other building equipment can be supplied 

from local generators.  

3.6. Control System Types 

Upgrading layout of hardware within cabinet of industrial manipulator by itself does not 

deliver energy efficiency improvement, as software which support the operation of hardware is 

required. After connecting multiple industrial robots to create DC microgrid or addition of 

external storage capacitor, well-thought out control methods and operation algorithms 

throughout all operation modes provide the reliability and efficiency required. 

Several control organization methods are available, being categorized by level of decision 

making centralization. Either the main programmable logic controller (PLC) is responsible for 

system operation, or voltage level converters of DC microgrid can operate central controller 

independent. It is also possible to develop a hybrid setup, separating control between main PLC 

and converter.  

Various control modes should be considered, such as the most common - normal operation 

mode, power-averaging operation mode, emergency stop operation mode, start-up operation 

mode others. 

With single unit control input data, controller manages this data from sensors and 

applications individually, monitoring the cell status and following its operation, as current 

industrial robot system contains a DC bus as well. Addition of multiple industrial robot units 

and various energy storage units to the common DC bus system requires well thought out 

system control and management process. These added system elements not only introduce new 

input data to central unit, but can require modification of operation flow within system in 

various scenarios, requiring monitoring of performance and operational status. Efficient data 

link between the connected system components has a significant role to of DC grid 

management.  

Several control methods are suggested and analyzed (see Table 3.4) such as centralized, 

decentralized, hybrid.  
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Table 3.4 

Various System Decision and Control Sources 

Operation Decentralized Centralized Hybrid #1 Hybrid #2 

Emergency 

Disconnection 

MCU PLC MCU MCU 

Energy flow direction 

control 

MCU PLC PLC/MCU PLC/MCU 

... ... ... ... .. 

  

Decentralized control systems of the connected equipment are reviewed in section 3.6.1., 

while centralized control methods are reviewed in section 3.6.2. Hybrid control method with 

elements from both, centralized and decentralized control is reviewed in section 3.6.3. 

 

3.6.1. Decentralized control system of converters 

 

Units of decentralized control system require either little or even not any external data or 

control to operate, as shown in Fig. 3.48. Typical examples of decentralized control are 

controllers of switching voltage level converters, which often support just 1 external input for 

"enable" signal, and by feedback controlled output voltage does not depend on input voltage 

directly. With larger and more sophisticated systems, this sample "enable" command could be 

provided by PLC. Advantages of decentralized system include efficient control developed by 

manufacturer and good response time to input or output parameter change. In some cases, 

commands may be executed faster, as controller is directly next to switching hardware without 

network adapters which support the communication between PLC and system elements. 

Limitations of the decentralized control include lack of customization and limited possibilities 

as more complex systems often require extended control such as output adjustment by voltage 

data feedback from consumer and dynamic current control.  

 

 
Fig. 3.48. Decentralized operation and decision control. 

 

3.6.2. Centralized control system of converters 

 

Units of centralized control system depend on extensive communication with central 

processing unit (CPU), PLC or other external control unit, as shown in Fig. 3.49. in an example 

from industrial manufacturing environment. Examples of centralized control devices include 

power circuit switches, often being able to measure DC bus voltage, provide the measured value 

to external controller and depend on its returned commands, either to change state of switch or 

not. External control can detect both, undervoltage or overvoltage and decide to protect circuit 

by opening switch. Other examples may include providing PWM values for control of metal-
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oxide-semiconductor field-effect transistors of LED lightning, or other hardware, from external 

source. 

Advantages of centralized control system include high integration ability, depending on 

hardware characteristics and design requirements. Previously mentioned voltage switch may be 

used in various circuits, with various operation timing and level requirements, as operation of 

switch is triggered externally. 

Limitations include increased response time, as network adapters and communication 

supporting hardware is introduced with additional delays. This delay can become significant in 

various unexpected and unscheduled events, where early detection and disconnection of 

hazardous voltage values could save the connected equipment. Centralized control equipment 

will report the measured value to main controller, which process the data and evaluate the 

situation and decide accordingly, returning output data from PLC to hardware being operated 

possibly at dangerous voltage levels.  

 Exchange of data between industrial hardware through AnyBus module and Profinet, 

might require additional 20ms, not including the data processing time at both sides, this time 

being the drawback of centralized decision making. 

 

 
Fig. 3.49. Centralized operation and decision control synchronized with main PLC. 

 

3.6.3. Hybrid control system of converters 

 

As hardware units become more complex, a hybrid control system helps to solve the 

communication drawback for time sensitive commands, while providing the external control 

customization benefits. One of many hybrid control examples is QCA6410 MAC/PHY 

Transceiver (see Fig. 3.50), to some extent it is able to operate external control independent, as 

it has its own memory controller and CPU.  
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Fig. 3.50. Hybrid operation example of local control hardware [79]. 

 

 Further integration of QCA6410 within other hardware is advised and supported through 

available communication interfaces, creating products such as MikroTik PL6411-2nD (see Fig. 

3.51). 

Example from power electronics field is a power switch with embedded measurement and 

data processing capabilities. Hybrid control system is able to take action and change state of 

output depending on measured input data, protecting the hardware from damage or undesired 

scenarios. Switch is able to handle critical situations and override input commands, yet rely on 

these external source commands during standard operation. 

 

 
Fig. 3.51. Hybrid operation and decision control with optional synchronization through 

ethernet link throgh power line communication [80]. 

 

In other scenarios automatic execution of default programmed operating mode is possible, 

until override signal from external control is received. It could change PWM values depending 

if they are from internal source, or external, allowing option for remote control if required, yet 

being able to operate without external control. 

 



 

119 

 

 

 

3.7. Comparison of Layouts and Conclusions 

Robotized manufacturing power supply topologies have been reviewed from through 

sections 3.1 to 3.7. Regenerated energy, failure probability and consequence of failure have 

been compared, including systems of both, single and multiple robot layouts. Single robot 

systems include state of the art layout, layout with added storage elements, and a layout with 

inverter to AC grid. Multiple robot systems with single or multiple power sources have been 

included in the study.  

Table 3.5 

Comparison of industrial manipulator hardware layout type by several parameters, with 

suggested ranking and substantion 

Indust. manipulator HW layout type Rank Comparison parameter, ranking and comment 

Efficiency of regenerated energy re-use 

State of the art w/ brake chopper 5 High amount dissipated at chopper, some stored internally 

State of the art w/ external capacitor 2 Energy storage size limitation, leftover is dissipated 

Bidirectional AC/DC converter 1 AC grid is capable to accept all regenerated energy 

DC link w/ centralized rectifier 3 / 4 Higly depends on robot scheduling  

DC link w/ redundant rectifiers 3 / 4 Higly depends on robot scheduling 

Cost of purchase & install 

State of the art w/ brake chopper 1 Available from robot manufactuers, no additional costs 

State of the art w/ external capacitor 2 Add-on to state of the art, DC/DC converter is optional, not 

directly available, more development is involved 

Bidirectional AC/DC converter 4 Expensive per robot, enables further grid add-ons 

DC link w/ centralized rectifier 3 High peak power of the central rectifier is a challenge 

DC link w/ redundant rectifiers 5 Not available in market,  requires development  

Probability of failure and consequence 

State of the art w/ brake chopper 4 Average, lifetime depends on robot program type 

State of the art w/ external capacitor 1 Less lifetime damage, introduced capacitor failure mode 

Bidirectional AC/DC converter 2 Less lifetime damage, introduced inverter failure mode 

DC link w/ centralized rectifier 5 Single rectifier is a risk, lifetime depends on scheduling 

DC link w/ redundant rectifiers 3 Power source redundancy, introduced interfacing hardware 

failure modes, lifetime depends on scheduling 

Average score − probability of implementation 

State of the art w/ brake chopper 3 3.33 − available, cost effective, but not efficient 

State of the art w/ external capacitor 1 1.66 − available, more expensive, more efficient 

Bidirectional AC/DC converter 2 2.33 − questionable cost efficiency and practicallity  

DC link w/ centralized rectifier 4/5 3.83 − rectifier is dimensioning & reliability challenge 

DC link w/ redundant rectifiers 4/5 3.83 − still in development, therefore expensive  
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Detailed comments and analysis of the discussed layouts are included in the relevant 

sections. More concise conclusions with a short comment and comparitive relative rank rating 

for some of the key areas is shown in Table 3.5. Probability of implementation is rated as a 

general conclusion for single and multiple robot systems. 

State of the art single robot system is the most commonly installed layout, as it is provided 

by manufacturer. If energy efficiency improvements are required and demanded, single robot 

state of the art system with a capacitor upgrade, simulated for the specific robot program, has 

the highest probability of implementation. It has been confirmed through this study that 

capacitor reduces lifetime consumption of the robot drive hardware through industrial operation 

cycles. Lifetime of the introduced capacitor must be considered. Multiple robot systems linked 

with DC bus have higher initial development costs and benefits are robot program dependent. 

Some of the required hardware (interfacing hardware between existing robot DC links) has not 

been transferred from research to production environment.  
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4. DEVELOPMENT AND TESTING OF ROBOT HARDWARE 

In the electronics industry, reliability is a characteristic of electronic system or a device, 

defined commonly as “the probability that a piece of equipment operate under specified 

conditions shall perform satisfactorily for a given period of time”, with a numerical value 

between 0 and 1, predicting whether item is able to operate for the required time period. It is a 

time function of frequency of equipment failures. Specific failures can be forecast rarely, 

therefore it contains a lot of engineering uncertainty. One of reliability engineering objectives 

is to apply various methods in order estimate reliability of designs and analyze reliability data, 

which is the focus of this work. 

Assessment of power electronics product service life characteristics and the role of 

reliability testing is investigated, reviewing the main principles of accelerated life tests, stress 

screening, practical testing and defects. Discussion about reliable assembly of power electronics 

hardware is continued by analysis of failure modes and defects detected during practical 

application of various electrical, mechanical or thermal stress. Benefits of stress testing 

integration in development and production process are evaluated. 

Outline of the reliability in product development, testing and production environment is 

reviewed in section 4.1. Section 4.2. introduces a more detailed view of design for reliability 

principles in product development environment. Various stress testing methods and causes of 

defects are analyzed in section 4.3. Section 4.3 of this study reviews principles of a reliability-

oriented control of final product assembly. Burn-in principles and practical considerations, 

including lifetime consumption simulations with the developed extension are reviewed in 

Section 4.4. 

4.1. Program for Development and Manufacturing 

While development cost increase rapidly with more engineering effort to increase 

reliability, cost of replacement parts, maintenance staff and spare equipment decrease (see Fig. 

4.1). From end-user point of view, equipment with the least total life cost is desired, therefore 

reliable equipment increase the lifetime, decreasing the total cost, up to a point where further 

increase of item reliability is with no economic benefit. There is a demand for methods and 

techniques for design of more reliable systems from existing components [81]. 
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Fig. 4.1.  Visualization of costs due to reliability and engineering errors at various discovery 

stages [82]. 

 

The consequences of underestimating importance of reliability can be dramatic. In the worst 

scenario, unreliable products can mean loss of market share, resource demanding recalls and 

warranty repairs, lost or scrapped production materials, wasted verification and testing time, as 

well as prototyping materials, engineering effort and idea phase.  

During the development and production process, engineering team must guarantee electrical 

performance by choosing components, materials, boundary limits and geometry. Also, 

electromagnetic compatibility and power losses must be accounted. During initial and advanced 

testing temperature characteristics and first reliability tests, related to mechanical stress, 

damage and life assessment are made. Related PCBA failure mechanisms (solder fatigue, 

component wear e.g.) must be evaluated as well early in the development, due to significant 

increase in losses if reliability error is discovered late. 

Transition to production stage requires implementation of engineering solutions, reducing 

manufacturing dimension and material quality deviations. Continuous audits of component 

suppliers and PCBA manufacturers are required, to guarantee their quality management system 

performance and reduce risks of mass production errors. Postproduction service is required to 

monitor product life, customer complaints and repair quantities, especially significant during 

the first production batches, helping to discover deviations and errors ahead of the next 

productions. Some of the expected failure categories are illustrated in Fig. 4.2. 
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Fig. 4.2. Generalized structure of field failures for electronics applications. 

  

This study introduces the significance of Design for Reliability topic. During the 

development, testing, manufacturing and even after sales design for reliability provides 

guidelines for high quality products and increased product lifetime. It can prove to be very time 

and resource demanding to complete all the required tasks and procedures, required for reducing 

reliability risks, however, critical errors and reliability issues can prove to be even more 

expensive. Implementation of design for reliability principles often requires sophisticated 

equipment and wide knowledge of electronics components, materials and manufacturing 

techniques.  

Complex systems are expected to have complex failure mechanisms, including multiple 

failure modes which can be simulated. Thermal fatigue is very common, leading to fatigue of 

solder joints and plated through holes. Boards must be kept clean of contamination and 

moisture. Field failures are unavoidable and must be taken into product life considerations. Cost 

of unreliability must be assessed, as it defines product reliability target. 

Objectives and tasks for reliable product design and development include evaluation of the 

best practices and requirements of design for reliability, including testing. Audit electronic 

suppliers, be sure of their quality management programs and core people. Lot of qualification 

tests are required. Monitor performance for the product life and acting to discover deviations 

and errors early. 

Testing for quality is a part of manufacturing for reliable products. It includes both – design 

and development tests (such as accelerated life testing), as well as tests during manufacturing 

(such as environmental stress screening)). Test methods include vibration testing, temperature 

testing, functional testing, shock tests (thermal, mechanical, electrical) and others. Some of the 

discovered failures include defects of plated through holes, solder fatigue, short circuits, 

corrosion, environmental contamination and others. In general, discovered failures are not 

always indicative, due to competing failure modes, and fact that complex systems often have 

complex failure modes.  

Market analysis of electronics contract manufacturers [83] reveal that more companies are 

launching various hardware products. It is not difficult to enter market with new devices and 

power electronics solutions, but without field-experience, due to the available manufacturing 



 

124 

 

 

 

outsourcing options. Data confirms that printed circuit board assembly outsourcing is common 

by a start-up company [84], [85] for cost optimization.  

Wearable electronics, tablets, home devices and smartphones are some of the hardware with 

increasingly high demand and supply. Stimulus to introduce new budget-class products is 

supplied by business opportunities at the emerging markets. Demand for performance 

improvements of currently produced equipment is another factor at the core of new product 

development [86]. Introduction of new technologies often include new engineering and 

hardware solutions and challenges, increasing a risk of various failures due to the adoption 

period of the new hardware.  

To meet the customer expectations, a common concept of the electronics hardware 

development is the reduction of development time to accelerate the time to market. Product 

development team has to balance between product reliability and product launch window 

limitations, as profit and market cap are affected by delayed launch [87]. Various testing tools 

and methods [88] are available to reduce the risks from the accelerated development process. 

See flowchart of sample product development stages for reliability in Fig. 4.3 

 

 
Fig. 4.3. Flowchart of product development stages for reliability [89]. Reliability 

improvement feedback loop returns to design phase and production. 

 

Since the problem solving of quality and reliability issues recognized late in the process (for 

example, in warehouse, or after field failure) is resource demanding and expensive [90], the 

requirement for a well-established process with eliminated failures is not only based on ethical 

determination. Automotive, aerospace, military – some industries require proof of reliability 

and often also system redundancy due to operation critical applications.  
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Reliability program of a development and production cycle includes series of tests during 

all product life cycle stages [91]. Tests are introduced both at single product and batch level as 

well, to confirm that quality of the product does not deviate during production, and to verify 

that the initial requirements are achieved through development. Tier 4 data center facilities are 

one of the example applications for high reliability electronics equipment. 

Feasibility, development, qualification and launch - multiple significant stages of the 

reliability program are illustrated in Fig. 4.4. Reliability and expected service life data are 

obtained during the tests. A basic understanding of the physics of failure is a requirement and 

a preventive measure, with field failures providing valuable feedback to the team. Design 

changes or new suspected failure modes are confirmed through reassigned life tests. Electrolytic 

capacitors and cooling fans are some of the expected failures to consider.   

 

 

Fig. 4.4. Stages of reliability testing thorough product development. 

 

To provide reliability data to the engineering team and customer, life testing is implemented 

for working prototypes as early as possible and optionally for each product revision. After the 

first mass production order, life testing of printed circuit board assembly is recommended to 

reveal early failure mechanisms [92]. Audit type selective sampling through standard 

production confirms that the final product meets the reliability requirements defined earlier 

[93]. Data from particular sampled products are used to establish generalized conclusions about 

the product population.  

 Test results provide confidence and proof of quality data of the developed product, such as 

fault-tolerant telecommunications equipment power converter for Tier 4 data center, where 

operation without downtime is critical. 

Life testing within specification stress levels is impractical due to the required time to 

trigger relevant failure modes, therefore conditions of increased stress are introduced to 

accelerate damage and provide a more practical test duration [94]. Revealing failure modes is 

a requirement during the development and design verification phase, as late discovery is more 

expensive. Two categories of life assessment tests are considered - qualitative and quantitative 

research, focusing either on the trigger of failure mechanisms (qualitative) or data analysis and 

screening (quantitative).  
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 Extensive function tests after assembly are motivated by early detection of defects, 

reduction of field failures and therefore warranty return. Marginal products are revealed by 

implemented by one of the following manufacturing tests – power on, function test, burn-in or 

run-in, environmental stress screening, highly accelerated stress screening or audit. Causes of 

failures are linked to soldering or assembly defects, a single faulty component or an entire batch.   

One of the test methods to confirm that the operation of assembled units is within 

specification limits is called Burn-in, including electrical and optional thermal stress factors. 

This test method is applied to either sampled batch or the entire order. The same sampling 

principle is applied to Environmental stress screening. Environmental factors - changes in 

ambient temperature, temperature cycling, the addition of vibration stress, and humidity, are 

controlled and increased during this testing method up to the maximum value of the 

specification limit [95]. When subjected to increased stress during testing, a number of 

discovered failures is expected to increase, therefore decreasing the number of field failures.   

 

 

Fig. 4.5. Reliability improvement methods during sample robot drive inverter product 

development, with highlighted milestones reviewed through this work. 

 

Sample robot drive inverter reliability program and improvement methods are illustrated in 

Fig. 4.5 and discussed in this section of the thesis. Development is categorized into concept, 

design, prototype and manufacturing phases. Major milestones for each phase create a basis for 

the continuous progress to the next phase. Basic principles of accelerated life testing have been 

reviewed in [96]. 

 If required to exceed the specification, values of environmental and electrical stress test 

limits are increased during the highly accelerated stress screening, as well as the option to 

change test values and conditions. Rapid thermal cycling and transition, as well as vibration 

step stress and vibration mode change, are introduced [97]. The scale and product sampling 

principle of stress screening depends on the implemented reliability program, either to screen 

through a selection of units or an entire production batch. Highly accelerated stress screening 

during the manufacturing phase is intended to reveal failures, which would stay hidden during 

standard function tests [91].  

When selective sampling is applied, the method is identified as a highly accelerated stress 

audit as the purpose is different. Instead of a complete screening process, a deviation detecting 

audit is introduced. The audit is expected in high volume production depending on several 
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factors, preferred for products with a requirement for low manufacturing price and low demand 

for reliability at mission-critical applications [91]. Testing and screening methods of highly 

accelerated processes are reviewed in [97]. IPC-SM-785 provides guidelines for evaluation of 

the results and extrapolation to the field use environment [98].  

 Stress testing of electronics during the manufacturing phase consumes the useful lifetime 

and therefore reliability of an individual unit is decreased. The reliability of the entire batch is 

increased as marginal products with defects are discovered. This is a drawback or a side effect 

of stress testing during manufacturing.  

4.2. Stress Testing and Failure Modes 

One of the root causes for early life product failures are variables of the material 

manufacturing and component assembly process – changes in soldering, components or 

handling. Failures are not necessarily product design related. A batch of poor-quality 

components can lead to an increased rate of early life failures. It is usually not equally 

distributed through the life cycle of printed circuit board assembly, as shown in Fig. 4.6, 

revealing that the printed circuit board assembly solder joints might break due to fatigue before 

any of the assembled components. Increasing, constant and decreasing failure rates are 

reviewed in Section 4.4. 

 

Fig. 4.6. Stages of printed circuit board assembly life cycle. 

 

Stress testing through the implementation of a reliability program is discussed in more detail 

in this section. Expected failures and some of the most common defects are reviewed. See the 

comparison of simulation and real-life ball grid array package fatigue solder joint failure in Fig. 

4.7 (a). Expanding and shrinking of materials caused solder fatigue and cracking as shown in 

Fig. 4.7 (b). Solder joint failure resulting in a vertical lift of the quad-flat no-lead package 

component is shown in Fig. 4.7 (c). Differences in characteristics of qualitative and quantitative 

testing are highlighted in this section. 
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Fig. 4.7. (a) Simulation and real-life results of typical ball grid array solder failure due to 

fatigue [99], (b) surface mount resistor solder fatigue and failure due to damage (expanding 

and shrinking) of repetitive thermal cycling [100], (c) quad flat no lead chip package vertical 

lift during soldering leading to bad solder [101]. 

 

Stress testing principles and applications of qualitative and quantitative methods are 

reviewed in detail and compared in the following section 4.2.1, including examples of 

hardware, stress profiles and unit sampling. Some of the most common failure mechanisms 

including a review of defects and stresses revealed during testing are highlighted in section 

4.2.2. Interpretation of results is discussed in section 4.2.3. 

 

4.2.1. Qualitative and Quantitative Stress Testing Methods 

 

There is a significant value of the attention to detail during the development stage, as 

extensive testing is an initial requirement to achieve stable results with reduced fail rate during 

stress testing methods of the manufacturing phase. Results from stress testing may become 

unstable or misleading due to issues supposedly solved during development, such as printed 

circuit board design for manufacturing issues, or thermal management errors. The scale of 

testing is often defined considering product reliability requirement, cost efficiency, and data of 

expected sales.  

 Development stage reliability and long-term performance testing have various possible 

variations. Specialized equipment is required for successful implementation of the mentioned 

stress tests – thermal cycling and shock chambers, vibration table, reviewed thoroughly at [102], 
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[103], [104]. Discovery and confirmation of product limits are completed through qualitative 

testing methods, such as highly accelerated life testing.   

 Thermal cycling is a commonly used reliability testing method for lead-free systems. 

Information about the expected life of the product is assumed by the application of Coffin-

Manson (see Eq.4.3), Arrhenius (see Eq.4.1) and power law (see Eq.4.2) [105]. Models to 

express the exponential dependence of time to failure on applied stress are shown in Table 4.1.   

Table 4.1. 

Lifetime assumption methods 

Arrhenius 
  

 

(4.1) 
 

Power Law 
  

 

(4.2) 
 

Coffin-Manson 
 

 
 

(4.3) 
 

 

Where TF – time to failure, A – reaction constant, γ - exponential stress parameter, ξ - 

generalized stress parameter, T is temperature, kB is Botzlmann constant, Ea – activation energy. 

N is the exponent of the power-law and q is the material constant, exponent. ΔT temperature 

changes during dormant or active states of the assembly [106]. Lifetime estimation provides 

information to determine the duration of reliability tests such as burn-in, and to define the stress 

testing limit values, avoiding under or over-testing.   

 The most common accelerated life testing and screening combines multiple stress factors 

(temperature, humidity, vibration, others) [104]. Thermal testing is often complemented with 

vibration fatigue testing [105], including sine or random vibration, resonance search, dwell, 

vibration endurance and other test methods.   

One of the stress testing method categories is qualitative testing methods. This type of 

research provides an insight into the reasons and causes of the revealed failures. Further ideas 

and thesis for research are established from the qualitative testing method results. Results may 

be misleading due to various effects discussed later in this section. Revealing realistic field 

failures is one of the method's advantages.   

Qualitative accelerated life testing applications include highly accelerated life tests and 

highly accelerated stress screening. Focus on the development of a physical degradation model 

is expected in which input data are provided from accelerated degradation. The testing principle 

is to provoke the failure modes and to develop required enhancements based on the revealed 

weak areas. Prediction of product service life with stress values within specification limits is 

not made, as identification of failure modes and providing feedback to the product development 

team is the main objective. Several samples are tested until destruction at extreme stress, leading 

to highly accelerated life tests referred to as Elephant tests, Provocation tests or other names.  
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Incremental application of various environmental stresses beyond the operational limits is 

introduced during highly accelerated life testing. These stress factors include but are not limited 

to [107]:  

• environmental (temperature, vibration, humidity)  

• electromagnetic (electromagnetic sensitivity, electrostatic discharge)  

• chemical (corrosive, cleaners, acid)  

• pollution (dust)  

• radiation (ultraviolet, infrared).  

Sample testing equipment is a thermal chamber, capable of various 6 degrees of freedom 

vibration modes, as shown in Fig. 4.8.  

 

 

Fig. 4.8. VTC-36 stress screening or highly accelerated life testing chamber manufactured by 

CONTROLTECNICA [108]. 

 

It is assumed that failure mechanisms revealed during the testing with increased stress will 

repeat after a long exposure duration to lower stress values within specification and operation 

limits [109].  

However, the assumption is not always correct, as the relation with field failures often is 

not present [110]. Applied stress levels are exceeding the specification limits and unrealistic 

failure modes can be triggered. Different stresses can expose the same failure mode because of 

the crossover effect, therefore test and field failures can differ. Vibration could be assumed as 

the main stress factor causing failure, while in field failure thermal or humidity factors 

contribute more. Focus on misleading stress causes to lose an opportunity to strengthen the 

design for actual field failure modes [93]. An example of a stress testing profile with 

incremental thermal and vibration stress during highly accelerated life testing is illustrated in 

Fig. 4.9. 
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Fig. 4.9. Sample thermal and vibration stress testing profile during highly accelerated life 

testing of a power electronics assembly [111] 

 

 The solder joint of a dual row quad flat no-lead package component could fail due to 

mechanical stress during assembly, vibration, or thermal cycling. Strengthening the assembly 

to endure mechanical stress does not improve the product thermal cycling endurance of the 

same failure mode. One of the options is to shift focus from initial stress factors to failure mode. 

Design weakness is identified during testing and the development team evaluates 

improvement options. The next design weakness is reviewed and improved, in theory, until no 

more possible causes for field failures are revealed through extensive testing and application of 

stresses. One of the practical application options is a comparison of design and materials, such 

as GaN to Si field-effect transistors.  

Following the research during highly accelerated life tests, multiple environments over 

stress tests evaluate the product within previously determined destruct limits. Similar to the 

previous testing, relevant stresses are applied individually and in combination to reveal failure 

modes and expose problematic areas of the design [93].  

As reviewed in [110], a significant effort is required to develop effective multiple 

environments overstress test. According to the testing methodology, all of the tested samples 

should fail before the last of the incremental stress steps scheduled from the operational limit 

up to the destruct limit (see Fig. 4.10). Multiple environments overstress testing does not 

operate at destruct limit as highly accelerated life testing does. Maximal practical overstress is 

revealed during this testing method [112], therefore destruct, specification and operational 

limits can be derived from the results. 

This testing method is primarily qualitative, similar to highly accelerated life testing, and 

interaction of combined environment stress factors is involved compared to single stress testing 

[113]. Primarily applied during the development phase, the device under test in most cases has 

uncertain failure modes and times. A small sample size is reasonable with expensive or limited 

availability samples, such as prototypes.  
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Fig. 4.10. Incremental overstress testing profile and distribution of failures from operational 

limit to destruct limit [114]. 

 

Foolish failure limit – is another name for destruct limit. A limit at which a product is 

permanently damaged is best determined for each environment separately. Products during 

operational life will not be subjected to such stress levels. During development testing at 

destruct limit provides little information on expected operational range failures, yet damages 

the valuable samples. Problem is that failure at destruct limit does not relate to field failure, 

such as melting of the plastic case at 190 ºC or cracks in printed circuit board during testing at 

10 grms [113]. grms is a value defining vibration signal addressed both at source and measured 

signal [115] – a root mean square of continuously varying, pseudorandom, broad-spectrum 

vibration signal. 

As there is a risk to trigger failure modes unrelated to field failures of the application, stress 

values are not increased to destruct level for all tested environments. Normalized and equal 

increments of stress and time are required to plot failure data on the Weibull plot (stress, time) 

[113]. 

Numerical data and statistics are generated and applied to research the problem in 

quantitative testing [116]. Research patterns are uncovered and facts are formulated through 

generalized results from the large sample analysis and definition of variables. 

Product service life within operational limits is predicted through quantitative accelerated 

life testing methods, as the time to failure is decreased through accelerated usage rate. Failures 

are being provoked due to which products fail by their failure mechanisms, and extrapolation 

of the quantitative testing results provides expected service life data [117]. Destruct limit is not 

reached, but static or dynamic overstress values can be applied. Product life in operational 

conditions is predicted and the probability density function is constructed from the extrapolated 

data, representing the relationship between the tested hardware age and reliability.  
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Similar to qualitative testing, quantitative methods apply single or multiple stress types 

incrementally, recording the time to failure of each sample. If operational conditions are 

expected at 20 ºC, accelerated life tests are expected to include test points at 30 ºC, 40 ºC, 50 

ºC, where stress type is thermal, and stress levels are each of the temperature steps [117].  

Thermal, humidity, and vibration are some of the environmental stress factors applied in 

quantitative testing as well to stimulate degradation and lead to accelerated failure [118]. Based 

on data from qualitative testing and technical experience from field failures of similar 

assemblies, the team decides which stress types should be accelerated. Various failure modes 

can be accelerated revealed by the application of vibration stress, as reviewed in gathered data 

gathered [101] and illustrated in Fig. 4.11. 

 

 

Fig. 4.11. Distribution of revealed defects after analysis of various accelerated stress tests 

 

 Some of the product types such as motor drive inverters reach operational limits rarely, 

mostly operating well below them. It is common to accelerate degradation during qualitative 

testing by simulation extended periods of operation at operational limits [117]. 

 Acceleration of usage rate is common in a manufacturing environment. Also, in a form of 

an increased rate of mechanical wear. Service life durability of mechanical press buttons is 

tested through repetitive interaction, wear of connectors is tested through repetitive plug tests, 

and wear of automotive electric windows control and drive system is tested through repetitive 

opening and closing. 

 Life-stress relationship model is chosen to fit the analyzed data type. Any measure 

expressed as a function of stress is required to extrapolate the probability distribution function. 

If Weibull distribution is applied, η - scale parameter, considered stress-dependent, is assigned 

to the model. Accuracy is critical as data processing errors will offset the expected field life 

values due to the life-stress relationship.  

 Some of the available models to process data for one stress type, such as thermal - 

Arrhenius, Eyring, and inverse power law [117]. Mathematical models to analyze stress type 

pairs include a combination of Arrhenius and inverse power law (thermal & non-thermal) or a 

variation of Eyring (thermal & humidity). A higher number of stresses are supported by general 

log-linear or proportional hazard mathematical models. A cumulative model is an option if the 

applied stress varies between overstress or operational stress limits [119]. 
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Based on Lipson equality [120], several of the final assembly units may be selected for a 

function test with an extended duration, which according to the parametric binomial approach 

[121] can be considered a batch life test. To decrease the number of tested samples a test method 

[122] allows to extend the test duration instead, explaining how fewer samples are tested for a 

longer duration. It is assumed that a proportionally small batch of the manufactured quantity 

being tested for an extended duration allows generalizing reliability of the not tested units. 

Both, qualitative and quantitative testing methods have been reviewed in this section. See a 

description of the main characteristics of the methods in Table 4.2. 

Table 4.2 

Description of Qualitative and Quantitative Testing Methods 

Qualitative testing Quantitative testing 

Understanding reasons and causes Numerical data, statistics, failure rates 

Developing ideas, failure modes Formulates facts, uncovers patterns 

Focus on failure modes not stress Predict life at normal use conditions 

Might be misleading due to crossover effect Obtain expected life data in shorter time 

Less useful for predicting service life Accelerated usage rate 

Destructive (foolish failure) limit Not reaching destruct limit 

Design robustness determination Age and reliability relationship function 

Highly accelerated life test Stress applied at carefully increased levels 

Few days Few weeks 

Engineering experience Analytical models, Weibull, Arrhenius 

Detailed product knowledge  

 

Qualitative testing is performed in general to provide an understanding of reasons and 

causes. Its focus is on failure modes to determine design robustness, therefore it is less useful 

to predict service life. Results of the qualitative testing may become misleading due to the 

crossover effect. Quantitative testing uncovers patterns and operates with numerical data and 

statistics to determine age and reliability relationship function. Stress is applied carefully to 

accelerate the usage rate. Failure mechanisms uncovered by the two testing types are reviewed 

further in the following section. 

 

4.2.2. Related Failure Mechanisms 

 

Printed circuit board assembly contains a lot of components in various package types. These 

are complex systems with different responses to stress, making the transfer of reliability from 

a single device to assembly a challenging task. The reliability of some of the package types 

such as the assembly of PBGA199 is evaluated in [123]. In general, through-hole assembly 

parts are considered more robust. In partial it is solved by focusing on physical models specific 

to applications - logic integrated circuits, insulation, and power modules [124]. See some of the 

popular surface mount component failure mechanisms in Fig. 4.12. 
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Fig. 4.12. Sample failure types of a surface mount component – bending crack, solder 

degradation and ball grid array solder failure. 

 

In case sourced parts are already tested by a supplier, reliability tests of the final assembly 

expect to reveal failure modes of the assembly process and complete system. Stress during drop-

test, thermal stress due to temperature differences, and electrical stress during power-on - are 

just some of the expected wear-out mechanisms of the printed circuit board assembly. If a 

simplified mathematical model is created by the combination of the individual parts data, 

assembly introduced failures such as solder joint defects and interaction of the components are 

not considered.    

Thermal management of the design is a major consideration for reliability, not only due to 

the thermal management but the assembly as well. Thermal and electromagnetic interference 

management can involve heatsink with surface or through-hole soldering leads, often custom 

made and with high thermal and mass inertia. In general, heatsink assembly is a risk area - 

either attached by adhesive, screws, brackets or soldering.  

Solder fatigue or break due to the mechanical assembly, screws loosening and causing short 

circuits, detached brackets or heatsink components - are some of the defects revealed at 

vibration testing. Revealed defects include - incorrect mounting of components, stacked 

resonances, wire breaking due to excessive bending, and wire or printed circuit board damage 

due to sharp flash residues from die casting or injection molding. 

Table 4.3.  

Defect Examples Revealed by Thermal Cycling and Vibration Testing 

Thermal cycling: Vibration: 

Poorly matched thermal expansion coefficients Mounting and assembly issues 

Plated through-hole defects Stacked resonances 

Printed circuit board defects Wires not protected from sharp corners 

Assembly issues Loose connections, not fixed connectors 

 

Most of the defects revealed at thermal cycling and thermal shock have root cause at poorly 

matched thermal expansion coefficients [125], similar to the printed circuit board, plated 

through-hole defects. See sample defect types revealed during thermal cycling and vibration 

testing in Table 4.3.  
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Several types of non-destructive research equipment are used to investigate and analyze the 

testing results. Multimeter, microscope, caliper, strain measurement, and function testing - are 

some of the most common equipment. Solder and mechanical defects are viewed through X-

ray and acoustic microscopy [123], [125]. Various data logging options are used to gather and 

plot the life span solder joint data, done using Weibull [102].   

The mentioned equipment is capable to identify surface mounted multilayer ceramic 

capacitor failures as well. The most common failure mechanisms include flex, firing or handling 

cracks [125] (see Fig. 4.13). Damage due to poor design practice or during improper handling 

such as placing in the test jig, inserting in mechanical case, attachment of heatsinks or careless 

mounting of connectors are some of the surface mount capacitor failure causes revealed during 

accelerated life tests. 

 

 

Fig. 4.13. Close up of surface mount multi-layer ceramic capacitor damaged during vibration 

stress or printed circuit board flex [107], [126], [127]. 

 

As reviewed earlier, higher thermal stress is expected to reveal defects earlier. It helps to 

sort out components such as defective electrolytic capacitors, which at specification limit will 

fail earlier than at normal operational parameters. Arrhenius equation, popular for thermal 

damage generalization, suggests that the failure rate is doubled for an increase of every 10 ºC, 

although this approach is criticized as too inaccurate [128]. The sample being tested at 70 °C is 

expected to fail sixteen times earlier, compared to a sample tested at 30 °C. This conclusion is 

supported by the time to failure results of samples tested in various temperatures (see Fig. 4.14), 

plotted according to the Weibull distribution and maximum likelihood estimation method. 

 

 

Fig. 4.14. Time to failure of samples, tested in various temperatures [129]. 
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One of the common multilayer ceramic capacitor manufacturing defects initiated occurred 

earlier is oxygen defect. It is a defect revealed in long term operation. Oxygen vacancies are 

encapsulated in the crystal structure of the material after the firing of ceramics, see Fig. 4.15. 

Vacancies are expected to accumulate gradually at the cathode, leading to cracks in the ceramics 

body, accelerated by high temperature and voltage, therefore accumulation of oxygen vacancies 

at the cathode determines the lifetime of the component [130]. 

  

 

Fig. 4.15. Accumulation of oxygen vacancies in ceramic material of multilayer ceramic 

capacitors [130]. 

 

It is possible to estimate service life in operating conditions as the model supports voltage 

and temperature [103]. Estimation of values is done with the following empirical equation: 

𝐴L =
𝐿N

𝐿A
= (

𝑉A

𝑉N
)

𝑛

∗ 2
(𝑇A − 𝑇N)

𝜃
 

(4.4) 

Where AL, acceleration factor, 𝜃 and n - temperature and voltage acceleration constants, LN, 

TN, VN - lifetime, temperature and voltage in standard conditions, LA, TA, VA - lifetime, 

temperature and voltage in accelerated conditions. Temperature and voltage acceleration 

constants vary from the material [103].  

In the case of the previously illustrated oxygen defects, an equivalent field lifetime 

consumption of 41 years can be consumed during an endurance test of 41 days with increased 

temperature and voltage. While considerably shorter, test duration of 41 days is still a challenge 

for the manufacturing environment. The accuracy of the extrapolation must be considered.  

Multi-layer ceramic capacitors are process temperature and assembly stress-sensitive [131]. 

Currents of stress testing are capable to reveal the expected early field failures - damaged or 

malfunctioning components.  

Inrush current exceeding the rated load current is possible during the initial charging of 

capacitors. In an operational environment, this could be observed during power cycling after 

longer disconnection periods. If the circuit has not considered this current peak, it can cause 

unwanted voltage fluctuations. Current capability for connectors and printed circuit board 

traces is limited and mechanical stress, as well as operational limits of any series devices, should 

be considered. Overcurrent involves mechanical stress and the probability of permanent 

damage [132].   
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Failures revealed during stress testing of printed circuit board assembly include, but are not 

limited to:  

1) damage during the fabrication process,  

2) overheating due to manufacturing mistakes [133],  

3) component package defects (such as inductor ferrite cracking),  

4) oxidation visual defects, related poor solder joint quality, ionic contamination [134],  

5) other solder defects - voiding, too less solder, incorrect solder paste stencil openings,  

6) assembly errors of the case or cabling - not installed properly or damaged [132].  

Socket failures, connector displacement, component damage, potentiometer misplacement, 

cracking of plastic parts or cases at a stress point, printed circuit board damage from a broken 

trace, as well as software or firmware failures - are some of the failures expected to be revealed 

through stress testing.  

The human factor is a significant contributor to early failures in the reliability function. The 

requirement for a high degree of workmanship likely will have an effect on reliability with a 

higher rate of mistakes. Simplified and intuitive assembly is a benefit [89]. Overheating and 

trigger of thermal protection during testing are caused by assembly problems such as missing 

or incorrectly assembled heatsink.  

Wear out failure mechanisms of thermal stress include diffusion, evaporation, and thermal 

ageing. Acceleration models apply for these mechanisms. Acceleration models do not apply for 

the overstress failures, which include melting, freezing, and boiling. Wear out and overstress 

failure mechanisms for other common stress types are illustrated (see Table 4.4). 

Table 4.4. 

Common Overstress Failures and the Applied Stress [135] 

Stress Wear out failure mechanisms 

(acceleration models apply) 

Overstress failure mechanisms 

(acceleration models do not apply) 

Temperature Diffusion, evaporation, thermal ageing Melting, freezing, boiling, 

explosion, Tg transition 

Humidity Sorption, corrosion Condensation 

Vibration High cycle fatigue Mechanical overload, microphony, 

rattling 

Thermal 

cycling 

Low cycle fatigue Same as for “Temperature”, 

mechanical overload 

Voltage Time dependent dielectric breakdown Electrical overstress, electrostatic 

discharge 

Current Electromigration Electrical overstress 

Others Creep, wear, ultra-low cycle fatigue Impact 

Combined Fretting corrosion, migration, 

corrosion, time dependent dielectric 

breakdown, electromigration 

Same as all the failure 

mechanisms above 
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For other types of stress such as humidity, vibration, current - overstress failures include 

condensation, mechanical overload, and electrical overstress. Stress values this high are 

reasonable for qualitative testing when an overall understanding of failure modes and relevant 

stresses has to be determined. They have no value for the analysis of quantitative testing results, 

as acceleration models do not apply on overstress failures.  

Analysis of the accelerated testing results is integrated into the product reliability program 

and includes a comparison to expected reliability goals, evaluation of observed failure 

mechanisms, and evaluation of the overall design [136]. 

 

4.2.3. Interpretation of Results 

 

Accelerated life tests do not increase the total product development and confirmation time 

significantly. It provides failure data to the engineering team before the product is delivered to 

the customer, therefore any corrective actions and design changes are implemented early. 

Reliability testing during design and manufacturing allows to install the equipment in uptime 

critical applications, and results from the destructive lifetime testing reveal destruct design and 

specification limits.  

Data of accelerated testing and field failures is not a perfect alignment due to differences in 

sample sizes and failure mechanisms – Arrhenius, Coffin-Manson equations are assumed to 

align with field data, but the field failure mechanisms may differ. A confidence level of 60-95 

% is considered for the data calculated from the accelerated stress testing results. Lifetime 

predictions from the accelerated testing do not consider degradation during storage or 

manufacturing, such as humidity penetrating moisture sensitive devices. Failure rate during the 

beginning of the service life can exceed the predictions due to not considered failure modes, 

being different from typical earlier failures and adding more uncertainty [89].  

It is challenging to assume quantitative correlation from qualitative testing data, as 

qualitative accelerated tests are applied mostly to research the physics of failure. Field 

modelling performed on the returned products supports the comparison of quantitative failure 

data and maximum failure quantity according to accelerated testing, presented in the case study 

at [89].  

Previous studies which have reviewed and verified field data and accelerated testing 

correlation include the expectation of battery field life at various stress levels, fatigue of solder 

joints, and others. Results from the accelerating testing and analysis results allow to change 

parameters as possible and reduce time to market. A more conservative temperature range could 

be extended, while an overly wide range with failures at higher values could be narrowed.  

A part of the product reliability program is the processing flow of the accelerated testing 

results in the manufacturing environment, as results are analyzed and instructions for further 

actions according to pre-defined failure rate acceptance quality level, for example, how to 

proceed if several units have failed during the accelerated stress screening.  
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One of the methods applied in the analysis of the development and production testing results 

is failure modes effects and criticality analysis - "a disciplined method of product, process 

analysis, conducted to identify potential failures that could affect the customer’s expectations 

of product quality or process performance" [137]. Information gathered through testing is 

considered [138]. Possible quality improvements are analyzed and implemented if possible and 

reasonable by the engineering team to reduce the future failure rate. A stable process with a 

reduction of revealed failures through manufacturing orders can lead to a reduction in the 

number of tested samples. 

4.3. Stress Screening During Mass Production 

The role of the outgoing quality control program is to assure that the manufactured product 

meets the specification requirement and functions properly and that the quality does not decline 

over time. Stress screening is one of the tools, applied to eliminate early failure rate by 

decreasing the service life of each production unit, in order to improve the reliability of the 

produced batch.   

The printed circuit board assembly process includes subjecting to normal, worst-case, or 

other specific operational environment conditions, where IPC-9701 provides the guidelines for 

durability evaluation of electronics assembly surface mount solder attachments [139], [140].  

While testing during product development is mostly qualitative and intended to reveal 

product destruct limit, and gather data about performance limits [141], the same testing concept 

is not directly transferable to the production environment. While degradation of product to 

reveal defects is acceptable, the damage must be controlled as the product must remain 

functional. Different testing methods are implemented to achieve the goals of the output quality 

control program. To avoid testing during manufacturing, a requirement for sourcing stress 

screened components is an option, for example, integrated IGBT modules.   

During the service life, the initial failure rate decreases the overall reliability for the first 

years due to various assembly or manufacturing defects [134]. An example of an integrated 

electronics assembly failure rate is illustrated in Fig. 4.17. A number of wear-out failures begin 

to increase late in the operational lifetime.    

 

 

Fig. 4.17. The lifetime of operational products through time 
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The concept of stress screening is to simulate 2 years of field operation of all the products. 

Service life is reduced, but being at a manufacturing site, early field failures are revealed early 

before installation in an actual field application (see Fig. 4.18). On average, the operational life 

of the remaining production parts is increased. Development of the screening process involves 

the maximum probability of mission success after the screening, and maximum mean residual 

life [142]. 

 

 

Fig. 4.18. The lifetime of operational products with and without stress test (burn-in) through 

time 

 

MIL-HDBK-217 handbook contains data for the failure rate of passive and active elements 

such as resistors, transformers, and field effect transistors [143], and according to this 

document, most of the electronics can be modelled by exponential distribution [144]. This 

handbook reveals that failures in all applications are not revealed through stress testing, 

therefore it is not always practical, depending on the failure rate.   

Production stress testing samples with increasing or constant failure rate (β>1, β=1) will not 

provide the desired result - a decrease of early failures. The average reliability of the batch is 

decreased instead, compared to the not tested samples. Early field failures are not eliminated 

during production stress testing of samples with β≥1 as early failures are not common. Instead, 

the service life is decreased [134]. For efficient stress testing a failure rate of the sample product 

which decreases over time (β<1) is required [144]. The failure rate with decreasing failure rate 

of Weibull distribution is shown in Fig. 4.18  

The time frame of manufacturing defects is not defined and is application dependent, for 

example, the electronics integrated circuit industry has observed failures driven by 

manufacturing or assembly caused defects up to 10 years in field operation [134].  Fig. 3. reveal 

failure distribution of electronic assemblies, processors or graphics processing units.   

Burn-in, environmental stress screening, highly accelerated stress screening, and highly 

accelerated stress audit - are some of the applied accelerated stress testing methods. Condition 

monitoring is an option to consider as a cost-effective alternative for production stress testing, 

being a currently discussed topic in the power electronics industry.  
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Benefits of stress testing - a decreased rate of field failures and a reduced number of 

products not functional on arrival have been discussed since 1988 according to [145].   

Latent design issues and manufacturing units not detectable in basic function tests are 

revealed by the subjection of controlled thermal, simultaneous mechanical, or other product 

specific stress during accelerated stress screening with managed profiles as shown in Fig. 4.19. 

Substitution of a component with an alternative, property drift and misalignment of dimension 

and parameter tolerances - are some of the root causes for quality and reliability deviation. 

 

 

Fig. 4.19. Differences in quality of produced units, detected by stress screening 

 

Field data reveal that by revealing various failures after implementation of accelerated 

degradation there is a possible up to 90 % reduction of warranty returns, for example, from 5 

% to 0.5 % as in [146].   

Multiple electronics assemblies are tested in the same chamber to increase the output 

capability of stress testing, the duration of which is from one to several hours [147].    

Recommended for power supplies and other electronic assemblies with high-reliability 

requirements, an additional benefit of the highly accelerated stress screening process is 

monitoring changes in process and early notice of critical process or material quality errors 

[148].  The engineering team involved in the accelerated stress testing design and analysis 

should include highly experienced members for the selection of the right stress parameters and 

interpretation of the results [149].  
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Fig. 4.20. Role of highly accelerated life testing and stress screening through product 

development and manufacturing 

 

Screening reports is feedback which leads the design and manufacturing engineering teams 

to improve the process and implement upgrades if reasonable, as shown in Fig. 4.20 [150]. 

Complete elimination of manufacturing defects is challenging in some cases due to fundamental 

limitations of the manufacturing [151] for example, as the nucleation eventually leads to a 

failure. 

Sampling principles of devices for stress screening during manufacturing is discussed in 

section 4.3.1. Fixtures, chambers and some of the issues caused by testing hardware are 

reviewed in section 4.3.2. Limits of stress values considered in stress screening are discussed 

in section 4.3.3. Section 4.3.4. provides focus on burn-in as one of the stress screening methods 

for mass production. Practical considerations and lifetime consumption simulations are 

analysed in section 4.3.5 to evaluate on-site burn-in of robot motor drive inverters with the 

developed thermo electrical model. The study's summary and conclusions regarding stress 

screening in mass production are presented in section 4.3.6. 

 

4.3.1. Quantity of Devices Under Test 

 

There are several available options for how to select samples for stress testing, and it 

depends on the selected method, test duration, and expected output - testing either all of the 

production units, the first units from current production, or select samples from current 

production in a random pattern. As mentioned earlier, tested samples can be selected through 

analysis of acceptance level tables, which output the number of tested samples and a number of 

allowed defects from the input shipment size. It is considered that both factors - test method 

and product quantity - contribute to the testing outcome.   

Time or testing duration is the third major parameter, being highly specific and it varies for 

each testing setup and product, depending on the failure rate. The testing duration of isolated 

gate bipolar transistors is directly affected by junction temperature, which also defines the 

functionality of the transistor. Some of the devices are expected to reach thermal runaway and 
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become defective, resulting in a short circuit or open loop, caused by variations in the 

processing of the devices.  

The major parameters - test method, product quantity, and test duration - should be decided 

as early as possible [91]. These tests are integrated in general product reliability or quality 

program, considering warranty costs, estimated service life, and other relevant data.   

 

4.3.2. Hardware Setup 
 

Regarding testing equipment, challenges include capital requirements to cover direct 

expenses such as test equipment and fixture purchase, design or manufacturing. Production time 

is extended therefore costs are higher than without stress testing. In addition, there is a demand 

for floor space to place the testing equipment.   

Historically chamber and testing equipment has been designed impractical, dedicated to one 

product type. Easily modifiable equipment with the support of multiple product types has been 

introduced to reduce cost and floor space issues of the stress testing, addressing ergonomics, 

mistake proofing, cables and fixtures [94].   

Equipment similar to accelerated life testing of the development phase, modified chambers 

and fixtures are used in stress screening in the manufacturing environment [152], [153]. 

Modifications include quick-release bolts and increased capacity of devices under test.    

While continuously monitoring performance, electrical and mechanical stress is applied 

simultaneously, exposing the sample to rapid temperature change with high peak values. 

Vibration response from 20-10 kHz GRMS is generated by impactor pistons.  

Due to differences in the setup parameters and requirements of the specific products it is 

challenging to test multiple types of products in the same chamber, instead of testing chamber 

is loaded with the same type of products to slightly increase the tested sample size. 

 

 

Fig. 4.21. Energy recycling Ćuk converter topology for stress testing of power supplies [154].  

      

During the manufacturing of power electronics devices, a load current is required for stress 

testing. While possible to neglect this consumption during the manufacturing of small power 

devices, mass production of 500 W or 20 kW devices demands equipment to reduce power 

consumption caused by simultaneous operation at rated power for the stress testing duration. 

Problem is solved by energy recycling and various methods have been discussed, approved and 

implemented by the industry. Energy recycling systems typically is a system of the rectifier, 
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inverter and the device under test, connected in a sample topology - capacitive idling converter 

(see Fig. 4.21) [154].   

Together with the device under test, a whole stress screening fixture assembly must endure 

the stress testing cycles repetitively. Problems caused by cable length, electrical load, 

environment monitoring, and fatigue of fixtures and accessories are some of the challenges to 

consider. Excessive cable length leads to signal degradation, voltage loss, and pick up transient 

external events. Testing fixture failures due to bending fatigue or friction cable damage to 

insulation is common. To improve the results of the stress testing:  

a) locking mechanisms are required to strengthen the latch of connectors,  

b) keep the cables short, supported and shielded with small radius bends [149].  

c) inconsistencies in airflow and thermal distribution should be considered,  

d) clamping management should be considered to change vibration inconsistencies,  

e) maintenance schedule for fixtures, testers, cables, chambers due to the subjected stress,  

f) reduce the electrical interference.  

False, weak, noisy or biased signals are unwanted as they contribute to misleading results 

and time consumption of the engineering team. Interference with test results can be caused by 

the introduction of complex impedance as well.   

Spare parts such as cables or components should be ready for replacement, as vibration 

causes wear-out of the fixture as well, causing loose connectors to generate electrical noise or 

transient connections.    

Fixture mapping is recommended to distribute mechanical and thermal stress equally 

between devices under test. Environment monitoring is achieved through thermocouples, and 

accelerometers, assigned and located individually. Equal loading of fixture matters for 

comparability of test results, as vibration characteristics could differ for completely loaded and 

partially loaded fixtures. Signals are monitored and logged through data loggers for later 

analysis of the events by the engineering team.   

 

4.3.3. Limits Considered in Stress Screening 

 

Before the introduction of stress screening, highly accelerated life tests and the following 

improvements are required to solve weak links of the design early and provide feedback to the 

team accordingly. In addition to the informative background to target specific failure modes 

during screening, it is required to reduce the number of marginal products before the start of 

production and to determine product destruct limits. As shown in sample thermal stress testing 

(see Fig. 4.22), the amplitude of stress values ranges from lower operating limit to upper 

operating limit.   
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Fig. 4.22. Profile amplitude of fast rate thermal stress testing application [91]. 

 

Functional tests, performance tests and power cycling are three of the routines common in 

highly accelerated stress screening [155]. Functional testing is performed by automated testing 

equipment monitoring the performance of the device under test to verify the operation of the 

critical elements - solder joints, connectors, and fans. Performance testing includes monitoring 

the performance while loading the internal nodes to achieve the highest performance - deploy 

of maximum traffic or consuming maximal electric load [149].  

Product limits determined during accelerated life testing define the stress limits during the 

screening process. Depending on the selected method, stress values are selected between 

specification, operational and destruct limits. Amplitude is selected between operating and 

destruct limit, with diagnostics being performed during temperature dwells.  

An operational limit is a limit above which a product does not function properly but is not 

damaged [156]. This also called soft failure limit is identified during highly accelerated life 

testing. Being an empirical method to determine limit values, accelerated life testing does not 

reveal the distribution of operational or destruct limits due to insufficient sample size.   

Devices can be categorized by either wide or narrow operating limits. See sample 

amplitudes of various stress testing types such as highly accelerated stress screening, burn-in, 

and environmental stress screening related to products with wide operating limit specification, 

operating and destruct limits in Fig. 4.23 (a). Precipitation screening values exceed the soft 

failure limit for products with narrow operating limits (illustrated in Fig. 4.23 (b)).  
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A)  

B)  

Fig. 4.23. Product limits (narrow (a) or wide (b) operating limits) and expected stress values 

during various stress screening options. 

 

Regarding the reliability of product operation according to specification, specification limits 

are further from the operating limit for wide operating limit devices, reducing the risk of failure. 

To remove less than 5 % of product life during stress testing, generalized reduction 

guidelines for translation from destruct to operational limit values are 50 % for vibration and 

80 % - 85 % for temperature [157-161]. To confirm the remaining 95 % of service life after 

stress screening, the unit is tested increasing screening duration by 20 times, expecting the 

device under test to fail eventually.   

In a sample scenario with operating limit of 100 °C, the temperature for stress screening 

should equal 85 °C. The temperature margin between ambient temperature (25 °C) and the 

operational limit is 75 °C, of which 80 % is 60 °C. After the addition of ambient temperature, 

the upper-stress limit for stress screening is determined.  

Different stress testing profiles are selected for wide and narrow operation limits, with the 

integration of fast thermal rate stress to achieve degradation of wide operation limit products 

(see Fig. 3). Over-stress is unlikely, as in general operational limits are not exceeded. In the 

case of narrow operation limits, calculated stress limit values (see Fig. 4) may require 

adjustment if acceptable values are exceeded. Fast rate and slow rate thermal cycling is to adjust 

the applied stress.    
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Fig. 4.24. Profile of fast and slow rate thermal stress testing during precipitation screening 

(above operating limit) and detection screening (below operating limit) [91]. 

 

Sample precipitation and detection stress screening method mixed stress profile is shown in 

Fig. 4.24 [161], where devices are tested without and with functional testing accordingly. 

Detection screening does not exceed the operational limits, while precipitation screening 

operates in the range between operational and destruct limits. As mentioned earlier, test limits 

are updated and adjusted to avoid over-stress caused by decreased product life or an increase in 

warranty returns due to under-stressed devices. 

After testing hardware is installed and limits are known, a proof of screen or safety of screen 

[147] test is performed to confirm that stress testing does not damage the device under test 

beyond the required margin and that the estimated decrease of service life is achieved. The 

screening process is repeated at least 15 times on the same device under test to double confirm 

the degradation level is below destruct limit. Stress levels are adjusted through analysis of 

failures and improved understanding of evident failure modes and improved accuracy of 

calculations. The reference value of the lifetime is calculated through standard lifetime 

assumption methods [162]. 

4.4. Burn-in as a Reliability Improvement Tool  

This section reviews the role of burn-in testing in production reliability improvement 

programs, discussing its benefits and challenges, compared to other stress screening methods. 

Burn-in testing is a post-assembly testing method capable to reveal electronics hardware (fans, 

power supplies, converters) assembly defects, process issues, and non-conformities [163]. In 

some sources, burn-in testing is also called run-in [164]. See sample burn-in testing hardware 

setup of consumer-grade power supplies with electrical stress in Fig. 4.25. 
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Fig. 4.25. Equipment of consumer grade power supply burn-in testing [165]. 

 

Being a rather common stress testing method, it has been discussed in several standards, 

such as MIL-STD-750 and MIL-STD-883, for semiconductor devices and microcircuits, and 

others, such as MIL-PRF-38534 for hybrid microcircuits. The mentioned standards define 

requirements for test conditions of electronics components before assembly and are not directly 

applicable for completed assemblies.   

Burn-as a stress screening method is reviewed in detail at section 4.4.1. Practical 

considerations of implanting this method including lifetime consumption simulations with the 

developed extension are reviewed in Section 4.4.2. 

 

4.4.1. Application Principles 

 

In the simplest form burn-in testing is a power-up test of a product, operating stand-by for 

the required time. Voltage and temperature are increased optionally to accelerate degradation 

[166]. Efficiency is questionable, due to the small number of nodes being tested. Revealed 

defects include mixed polarity assembly of electrolytic capacitors (if test time is sufficient to 

trigger failure), and other defects due to which the product is unable to power on. The test is 

efficient for simple electronics assemblies, interface adapters, and extension boards with a small 

number of active components. A sample of an effective burn-in testing application for power 

supply assembly includes increased ambient temperature and a combination of power cycling 

with extended uptime periods, as shown in Fig. 4.26. 

 

 

Fig. 4.26. Electric and thermal stress screening with changing power cycling and constant 

load periods [144]. 
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To further accelerate degradation, a combination of three stress parameters is introduced. 

Electric, thermal and mechanical stress are three of the most common stress screening options. 

See sample stress testing profile in Fig. 4.27. Short power cycling periods are combined with 

longer operating cycles. The same dynamic stress testing profile is applied to both, electrical 

and vibration stress. 

 

 

Fig. 4.27. Mixed electric, thermal and vibration stress profile during highly accelerated stress 

screening, including power cycling, vibration and thermal cycling. 

 

Burn-in requirement for hardware is simple - chambers, stands, racks, and some automated 

testing equipment to monitor the performance and log the results [167, 168]. Sockets for power 

and data connection are integrated if required. Test stands with simultaneous burn-in of 30 - 50 

pcs devices under test are common. A balance between the 3 major test parameters (stress level, 

test duration, and the number of tested samples) is required. An increase in stress level further 

accelerates degradation and reduces the failure period by multiple times, due to higher inrush 

current from power cycling and the increased thermal stress [168]. Test effectiveness is 

improved by the reduction of No Fault Found orders.  

A complete failure analysis process is required to evaluate the root cause - an assembly or 

manufacturing defect or caused by a wear-out process. This can be time consuming and 

confusing, especially when starting a new production until data and knowledge is gathered.  

The decision to integrate burn-in testing in production flow is supported by factors such as 

the number of components on printed circuit board assembly and their type - active and passive, 

including semiconductor components each with its own unique early failure rate. After 

assembly, the failure rates are considered regarding the functionality of the assembly.   

It is possible to avoid burn-in testing if components have passed burn-in testing of their own 

production individually. Positive is that individually at the designated production site it is easier 

to stress test each component for effective results. The drawback is that the failure modes 

introduced during the assembly process, and failure modes due to poor complete assembly 

design, will not be tested. Complex assemblies with a requirement for reliability can be burn-
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in tested at the actual operating site if the test conditions are reasonable [133]. After successful 

burn-in testing products are allowed to continue production, after failed test - either returned 

for analysis, reworked or scrapped.  

Static and dynamic are two of the available general burn-in stress testing categories. During 

static testing device under test is placed in the chamber and tested in elevated temperatures or 

other types of stress, without external biases that make it less effective for complex systems 

[167]. An obvious limitation of static testing is that identification of failure is only possible 

during follow-up functionality tests after the device has been removed from the chamber and 

the exact time of failure is not known. Device response during the test is not tracked.   

Dynamic testing has the same limitation. Maximum stress rate limited by burn-in chambers 

is applied to the device under test during dynamic burn-in, with added input stimuli to 

electrically stress test the internal nodes of the devices. The output of the device is not 

monitored.   

Dynamic burn-in with a test is the third stress testing category, monitoring device outputs. 

The test can last up to several days, while the product is powered and functional tests are 

performed in changing test chamber internal temperatures. Burn-in testing in thermal cycling 

chambers is often a required proof of product durability margin for the automotive industry 

[169]. Dynamic burn-in with test enables monitoring of the product modules (central processing 

unit, random access memory, fans) through a combination of burn-in stress and input node 

stimuli with output data logging.  

Installation might be required before testing to receive the expected output data, and the 

short power-on during installation and functional testing is not considered a burn-in. While 

defects are revealed, these are not classified as infant mortality. Burn-in is a manufacturing 

stress screening method, scheduled after printed circuit board assembly (see Fig. 4.28). 

 

 

Fig. 4.28. Burn-in testing in mass production of electronic devices 

 

After a successful test, the product continues the manufacturing process to packing. 

Determined by testing requirements considered earlier in the development process, burn-in 

equipment is selected - closed chambers or other testing stands.   
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It is reasonable to burn in recently assembled products, as the previously mentioned defects 

are revealed and sorted out, and repaired. Determination of burn-in testing duration is a 

compromise between production costs and reliability goals. Costs to consider include the cost 

of burn-in, cost of warranty returns, cost of lost items, cost of failure, cost of rework, and others. 

Cost-reduction objectives are often required due to business purposes and are being applied 

through development and manufacturing. A decision is made, on whether production tests are 

required, optional, or too expensive for the target price.   

In some cases, the burn-in test may be skipped to reduce costs and the number of testing 

equipment if the part is tested after printed circuit board assembly as well, combining multiple 

tests in one. The drawback is that expenses of rework after burn-in are increased, and the test 

efficiency should be considered as well - is it possible to equally stress test the module after 

assembly.   

When estimating testing costs - fixtures and chambers, software, duration and sample 

quantity are considered. Approximate rework costs and the number of failed products with their 

scrap rate and costs, as well as warranty replacements are included. All of the previously 

mentioned compared numbers of estimated burn-in test and field failures allow computing 

optimal test duration regarding cost-efficiency. 

 

 

Fig. 4.29. Burn-in cost of power electronics assembly considering multiple input parameters 

such as warranty return and cost of the product  

 

In the sample scenario, optimal burn-in duration is calculated at 2.3 days and the balance of 

the expected costs at 2935.52 USD, if warranty replacement costs are 4000 USD, one burn-in 

testing day costs 70 USD, revealing a failure cost of 500 USD [170], as shown in Fig. 4.29. 

Balancing cost value is selected as a compromise considering the cost and failure rate inputs 

mentioned earlier. For the sample scenario, if burn-in duration approached 0, the cost would 

approach 4000 USD, as it would be increasingly more likely to fail during warranty.  

If the cost of a field failure is higher than burn-in test failure, burn-in testing is financially 

reasonable. Lost market share, decreased customer satisfaction, not returning for second 

purchase - not directly measurable, but considerable effects affected by early field failures. 
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4.4.2. Practical Considerations for Burn-in of Robot Inverter  

 

As mentioned earlier, burn-in after assembly and delivery to customers is one of the stress 

testing options. Burn-in of robot motor drive inverter while performing the robot specific 

program after installation in manufacturing site is evaluated in this section.  

Previously obtained lifetime consumption data of diode and IGBT of the inverter for 4 robot 

applications (welding, handling, clinching, adhesive bonding) is provided as an input for the 

required computation.   

Stress testing of industrial robot axis drive inverters is simulated and analyzed. The 

developed thermo-electrical and lifetime consumption model of inverter IGBT module allows 

estimating the damage of hardware through one cycle of operation. Following the intention of 

stress testing to accelerate wear and damage, multiple repetitive cycles of the specific robot 

program are scheduled and simulated. The objective is to evaluate stress testing of robot drive 

hardware after assembly and after installation at the manufacturing site.    

Acceleration of 6 degrees of freedom industrial robot welding program wear of drive 

inverter IGBT module through repetitive program application is simulated from 1 hour to 72 

hours. Damage accumulation for Axis 1-3 inverter IGBT and anti-parallel diode after 1 hour, 

24 hours and 72 hours of accelerated testing is shown in Fig. 4.30. Testing profile does include 

a delay of 5 seconds after each cycle but does not include a realistic schedule such as technical 

break, changing of workshop shifts, lunch break, or other operation interruptions.   

 

 

Fig. 4.30. Accumulation of robot axis 1-3 inverter IGBT and anti-parallel diode lifetime 

consumption through cycling of welding program for 1 h up to 72 h. 

   

Simulation results reveal a significant difference in wear highlighted at the increased test 

duration. In general, estimated lifetime distribution is equal for all robot axis connected to the 

same inverter. Uneven loading during stress testing is a challenge if the objective is to achieve 

equal lifetime consumption for all of the 6-robot axis inverter hardware.    
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In the results of welding application cycling Axis 1, IGBT relative damage is at 0.02, while 

Axis 2 is about 0.0025 or 0.0015 for Axis 3. If a sample lifetime consumption of 0.002 is 

selected as a threshold, testing times to reach this threshold are significantly different for each 

robot axis. While for Axis 1 24-hour testing is sufficient, wear of the other axis is below the 

target value.   

A comparison of normal and accelerated wear for the welding program after 72 hours of 

operation is shown in Fig. 4.31. The number of cycles during normal wear is decreased 

compared to accelerated wear. It includes an estimated coefficient to consider longer delays, 

realistic operation schedules such as technical breaks, changing of workshop shifts, lunch 

breaks and other operation interruptions.   

 

 

Fig. 4.31. Estimated lifetime consumption accumulated through 72 hours of normal and 

accelerated robot welding program cycling. 

 

Power consumption and therefore mission profile for each robot program are different. This 

transfers to lifetime consumption as well. Stress testing of other robot programs such as 

adhesive bonding (see Fig. 4.32), handling or clinching (see Appendix N) for 72 h were 

simulated. Lifetime consumption compared to the welding program reveal lower peak values. 

While 72-hour testing lifetime consumption has decreased, consumption of axis 2 and 3 is 

proportionally smaller as well. Uneven loading is evident for other robot programs.   
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Fig. 4.32. Estimated lifetime consumption accumulated through 72 hours of normal and 

accelerated robot adhesive bonding program cycling. 

 

Four robot programs were simulated with normal and accelerated loading for 72-hour 

period, evaluating the lifetime consumption values. Estimated damage for IGBT and anti-

parallel diode for axis 1-3 of each robot program is shown in Fig. 4.33. The highest damage is 

accumulated during the handling program, followed by the welding program. Clinching and 

adhesive bonding programs have lower accumulated lifetime consumption values. 

 

 

Fig. 4.33. Simulation of normal and accelerated lifetime consumption after 72 hours of robot 

program cycling – welding, handling, clinching, adhesive bonding programs. 

 

An alternative to burn-in after installation is burn-in testing at the drive inverter assembly 

site. The load of robot axis drive electronics hardware is simulated by imitation with an electric 
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load. In the controlled environment, it is possible to achieve equal degradation of axis hardware 

through a stable process. 

4.5. Conclusions 

Various production environment screening methods are introduced due to reliability risks 

introduced by the accelerated development process. Development stage tests are destructive 

and applied to determine performance margins - not useful for production screening. While the 

remaining lifetime of each device is reduced during stress testing, the quality of the overall 

production is improved by eliminating early failures.   

Located in a mass production site and part of the standard manufacturing process - burn-in 

is one of the stress screening options, with an application of ambient or increased temperature, 

power cycling or constant electrical load. Target costs including warranty returns and test 

duration, as well as reliability are considered while selecting the most effective testing methods 

for acceleration of early failure mechanisms. Major challenges are capital costs of the setup, 

reduction of pass yield and increase in overall production costs, while benefits include 

decreased risk of early failures and higher customer satisfaction.   

Stress screening can improve the quality of mass production units by a decrease of the 

delivered defects, warranty costs and early failures or by reducing the quality if applied without 

the required considerations and causes over-stress. Degradation level is confirmed during proof 

of screen. Design improvements are possible since technical weaknesses are revealed through 

registering detailed data and root cause analysis of failed devices. The impact scale of various 

stress types on the specific product is evaluated during accelerated life testing, and implemented 

in stress screening. General stress screening challenges include keeping the number of tested 

devices as high as possible. With test chambers, fixtures and profiles being designed for a 

specific product type, increasing the scale of burn-in through the entire product lineup is 

resource-demanding.    

A lifetime model of 6 degrees of freedom industrial robot drive inverter IGBT modules was 

simulated to evaluate the accumulation of lifetime consumption through normal and accelerated 

cycling of the robot program. Results reveal that the wear of electronics is program dependent 

and that robot axis hardware wears out unevenly due to differences in an applied stress profile. 

Suitability to local stress screening of robot hardware after assembly at the manufacturing site 

is low since equal lifetime consumption is required. Burn-in during manufacturing of inverter 

is recommended as a specific application designed for electrical stress testing is expected to 

achieve the objective more efficiently. 
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CONCLUSIONS 

1. While the number of industrial robots and DC system applications is increasing, 

maintaining the initial functionality of industrial hardware is required to provide 

sustainability and continuity for the manufacturing processes, creating a demand for 

reliability data of the DC microgrid solutions.  

2. Robot tool weight has a direct impact on motor drive inverter IGBT lifetime, 

increasing motor current and thermal swing. Studied application of robot program 

repetition with 0 kg and 125 kg tool revealed an increase in the estimated fraction 

of consumed lifetime for power electronics components between 29-249 % per 

cycle.  

3. Analysis method of robot motor drive inverter IGBT with anti-parallel diode 

junction temperatures and estimated consumed fraction of lifetime allow to identify 

and evaluate the contribution of robot load weight, application type, layout type, to 

temperature changes within the hardware of robotized equipment. High peak 

temperatures of less dynamic (adhesive bonding) programs are up to 25 % lower, 

compared to sample spot welding or handling programs.  

4. Various robot programs have differences up to 10 times in cumulative lifetime 

consumption values per cycle, comparing dynamic (welding, handling) and less 

dynamic (adhesive bonding) robot programs, with the anti-parallel diode of Axis 1 

having the highest fraction of consumed lifetime.  

5. Energy consumption model with a robot program code input is verified on the 

industrial robot, therefore introduced thermal and lifetime computations are 

expected to align with the realistic field data, with the accuracy losses introducing 

predicted misalignment. The model provides an opportunity to test various 

remaining lifetime improvement concepts quickly, and highlight impact factors - 

tool mass, stop to standstill cycles, program velocity, average current consumption, 

and others.  

6. Focus of previous studies has been on DC microgrid layout energy efficiency 

improvements, therefore analysis and comparison of suggested and not yet reviewed 

robotized manufacturing system layout and control improvements considering 

reliability is a valued addition to previous work.   

7. Addition of an optimal capacitance capacitor (7.3 mF) to the state-of-the-art single 

robot hardware layout has the highest probability of implementation, as it reduced 

the computed fraction of life consumed by Miner’s rule by 12.73 % for IGBT, and 

14.67 % for the anti-parallel diode in the robot motor drive inverter power 

electronics circuit.    

8. Peak value of current consumption from the AC grid in a multiple robot-single 

supply layout can be decreased from 43 A to 30 A (30.2 % decrease) for the same 

combination of two robot programs, by changing the starting time for each program.    
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9. In a multiple robot-single supply layout, less likely to be implemented due to higher 

initial development costs and some technology not being transferred to a production 

environment, two studied robot program alignment options revealed a decrease in 

the computed fraction of life consumed of 10.21 % in IGBT, and 45.58 % in the 

anti-parallel diode of the studied axis drive inverter power electronics switch 

components.  

10. Development methods to supply highly reliable robotized manufacturing hardware 

capable to operate for as long as possible have been reviewed and presented, 

including the deployment of a reliability program to improve through the 

elimination of failure modes and early failures. 

11. Stress testing reduce the reliability of an individual unit as its useful lifetime is 

consumed, but the reliability of the batch is increased after the elimination of 

marginal products. Duration of burn-in stress testing considers the reduction of pass 

yield, warranty returns and other costs, while benefits include reduced risk of early 

failures.   

12. To achieve a minimum of 0.2 % fraction of lifetime consumption (robot axis drive 

inverter IGBT) during burn-in testing of sample welding program field operation, 

test duration varies from 24 hours (Axis 1) to 100 hours (Axis 3).   

13. Inverter IGBT modules wear out unevenly between robot axis, depending on the 

stress profile of the robot program, therefore burn-in of the inverter is recommended 

at the supplier site with equal and controlled lifetime consumption.  

14. Mission profile analysis provides data for on-site adjustment of predictive 

maintenance schedule depending on the robot program type, tool weight, and other 

impact factors.  

 

Future Vision 

Further development options include a possible increase of available inverter options by 

manufacturer, reducing costs and increasing market share with lower cost, reduced lifetime 

versions. Equipment with low lifetime consumption value has an indicator of impractical use 

of resources, as equipment cost can be reduced by reducing overrating of components.  

A further extended digital model of production at virtual commissioning software with the 

developed innovative energy consumption, junction temperature and long-waited lifetime 

consumption module provides application-specific data for predictive maintenance and other 

research purposes. The developed model supports further integration in virtual commissioning 

software.  
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APPENDICES 

A: Abbreviations 

Abbreviation Term 

2D Two Dimensional 

3D Three Dimensional 

A1,…, A6 Number of Robot Axis 1 to 6 

AC Alternating Current 

ADC Analog-Digital Converter 

AG Aktiengesellschaft (German), Public Limited Company 

API Application Programming Interface 

AREUS Automation and Robotics for European Sustainable Manufacturing 

CPU Central Processing Unit 

DC Direct Current 

DOF Degrees of Freedom 

FEM Finite Element Method 

HALT Highly Accelerated Life Test 

IGBT Isolated Gate Bipolar Transistor 

KPP KUKA Power Pack 

KRL KUKA Robot Language 

KSP KUKA Servo Pack 

KUKA Keller und Knappich Augsburg, KUKA Roboter GmbH 

LC Lifetime Consumption 

MEOST Multiple Environment Overstress Test 

PCBA Printed Circuit Board Assembly 

PLC Programmable Logic Controller 

PMSM Permanent Magnet Synchronous Servo Motor 

PWM Pulse Width Modulation 

RCS Robot Control Simulation 

RRS Realistic Robot Simulation 
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B: Multiple Robot System Example 

For research purposes 60 seconds were chosen as duration for the simulated production 

process of 4 industrial manipulator (R1, .., R4) movement and tool operation in a hardware 

layout with centralized power supply. As shown in Fig. 5.1, welding operation with 5 

interactions was added to robot R2, clinching operation with 5 interactions was performed by 

robot R4, and gluing operation lasting 6 seconds was performed by robot R3. 

 

 
Fig. 5.1. Illustrative timetable of process scheduling in modeled industrial cell. 

 

Process starts by handling of part by robot R1. It inserts and positions part at the cell. 

Average power consumption throughout the first operation with assumed load weight of 125 

kg is 3.82 kW. Part is positioned and after 3 seconds robot returns to home position.  

Robot R2 equipped with spot welding tool reaches to five programmed welding operation 

positions. Average power consumption throughout the operation of robot R2 is 2.65 kW with 

assumed load weight of 180 kg, movement duration of 13.66 seconds, and welding points at 

seconds: 1, 4, 5, 6, 8, 11. 

Before clinching at 5 positions is carried out by robot R4, position of part is changed by 

handling robot R1 in 10.25 seconds long movement. Average power consumption is 3.70 kW 

with decelerating to standstill at seconds 2 and 7, simulating pick up and pick down of part.  

Movement of clinching robot R4 is scheduled to last 12.54 seconds with a tool weight of 

150 kg. Robot stops at 5 points throughout the movement, with an average power consumption 

of 2.11 kW. From programming point of view, clinching is similar to spot welding.  

Glue application is supported by robot R3, and part is moved to output of production cell by 

R1 as soon as the gluing process lasting several seconds is completed. Movement of R3 lasts 

11.10 seconds, and average power consumption throughout the operation of robot R3 is 2.12 

kW. Glue application is a movement speed sensitive operation, therefore robot is programmed 

to decrease speed after approach to part is complete for improved quality. 

Movement of processed part to output of production cell by R1 lasts 7.16 seconds, and 

average power consumption is 3.28 kW. There are two scheduled stops, one at part pick up and 

one at release. Part weight remains 125 kg as previously, but it could increase as well after 

welding operations.   
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C: Data of KUKA Industrial Robot Motor Drive Inverters 

Table 5.1 

Voltage, power, frequency and efficiency data of KUKA KSP 600-3x40 

KUKA 

KSP 

600-

3x40 

Cable 

layout 

Voltage 

type 

Rated Rated 

power 

[kW] 

Frequency 

range 

Efficiency 

Voltage Current 

Input 2/PE DC 565/675 V 25 A    

Output 2/PE DC 565/675 V 25 A 14/17    

3x 

Output 

AC 

3/PE AC 400/480 V 30 A 12/14  0-500 Hz 94 % 

 

Table 5.2 

Voltage, power, frequency and efficiency data of KUKA KSP 600-3x20 

KUKA 

KSP 

600-

3x20 

Cable 

layout 

Voltage 

type 

Rated Max 

Current 

Rated 

power 

[kW] 

Frequency 

range Voltage Current 

Input 2/PE DC 565/675 V 25 A    

Output 2/PE DC 565/675 V 25 A  14/17   

3x 

Output 

AC 

3/PE AC 400/480 V 9 A 20 A 6/7 0-500 Hz 
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D: Torque of Robot Axis 

 

 

 

Fig. 5.2.  Torque translation for each of six degree of freedom industrial robot servo motors 

through simulated sample welding program. 
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E: Current Consumption of Axis 1-6 Motors 

  

  

  

Fig. 5.3. Current consumption of each robot axis motors during handling program 

("case_handling_1") simulated with two load weights - 0 kg and 125 kg. 
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F: Junction Temperature of Axis 1-3 Inverter Power Transistors 

 

 

 

Fig. 5.4. Axis 1-3 inverter IGBT and anti-parallel diode junction temperature data of sample 

handling program, with 0 kg and 125 kg load.  
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G: Filtered Junction Temperature Data Arranged in Bins 

  

  

  

Fig. 5.5. 6 degree of freedom industrial robot axis 1-3 inverter IGBT and anti-parallel diode 

junction temperature data arranged in discrete bins of the sample handling program with two 

load weights, 0 kg and 125 kg. 
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H: Number of Cycles and Half Cycles After Rainflow Counting 

 

 

 

Fig. 5.6. Quantity of junction temperature cycles and half cycles for each robot axis after 

Rainflow cycle counting, sorted by thermal swing and load weight.  
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I: Estimated Lifetime Consumption of 0 kg and 125 kg Tool Weight 

 

 

 

Fig. 5.7. Estimated lifetime consumption of 0 kg and 125 kg tool weight handling program, 

on IGBT and anti-parallel diode of A1−A3 robot axis inverter IGBT module.  
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J: Junction Temperature of Sample Robot Applications 

 

 

 

Fig. 5.8. Simulated junction temperature of robot axis 1-3 inverter IGBT modules and anti-

parallel diodes, during sample welding, handling, clinching and adhesive bonding 

applications. 
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K: Junction Temperature Change Data for Sample Robot Applications 

 

 

 

Fig. 5.9. Highest peak value, temperature change amplitude and mean value of robot axis 

inverter IGBT and anti-parallel diode change during sample spot welding, handling, clinching 

and adhesive bonding programs. 
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L: Thermal Cycle and Thermal Swing Data for Sample Applications 

 

 

 

 

Fig. 5.10. Quantity of IGBT and anti-parallel diode junction temperature cycles and half 

cycles for each simulated robot program type after Rainflow counting – spot welding, 

handling, clinching and adhesive bonding (gluing). 
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M: Lifetime Consumption of Sample Robot Applications 

 

 

 

Fig. 5.11. Estimated lifetime consumption of the simulated four robot program types for 

IGBT and anti-parallel diode of A1−A3 robot axis inverter IGBT module. 
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N: Accumulation of Lifetime Consumption for Handling and Clinching 

 

 

 

Fig. 5.12. Estimated lifetime consumption accumulated through 72 hours of normal and 

accelerated robot handling program cycling. 

 

 

Fig. 5.13. Estimated lifetime consumption accumulated through 72 hours of normal and 

accelerated robot clinching program cycling. 


