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The paper presents a lifetime consumption estimation model of 6 degrees of freedom 
industrial robot arm. The primary goal of the research is to provide estimated lifetime data of 
semiconductor power modules of robot axis power supply circuit, providing new opportunities 
for cost-saving, predictive maintenance, with highly customized input for different manufac-
turing applications. Evaluation of thermal stress and estimation of isolated gate bipolar transis-
tor current are completed, based on MATLAB model translating KUKA robot program code 
to electrical energy consumption, which is a novel approach. Energy losses are considered in 
the model to provide accuracy of the inverter load current. The simulation results prove that 
lifetime consumption depends on a robot application type, for more agile movement programs 
with large power amplitudes, such as handling, the degradation in power modules is significant 
compared to slower applications, such as gluing or welding. Various options for future devel-
opment are suggested and considered in the paper. 
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1. INTRODUCTION

Selecting operating parameters of elec-
tric components is critical for electrical 
equipment. During the design phase, it is 
decided what derating method to apply for 
the required material types. Maximal val-
ues are selected to perform safely above the 
expected operational field life stress, pro-

viding a reliability improvement for mis-
sion-critical applications, either in a harsh 
environment, difficult to access or with high 
downtime costs. 

Due to high cost, there is a require-
ment for semiconductor power modules to 
decrease absolute maximum values and to 
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select the material which just barely exceeds 
the required parameters. As a compromise 
between cost and performance is required, 
knowledge and understanding of mission 
profile are of major importance. 

As manufacturing site development is 
becoming increasingly virtual, and with 
the introduction of virtual commissioning 
software, the mission profile is not just an 
assumption. Process flow and trajectories 
are set up in a virtual environment dur-
ing the design phase before deployment 
with programs as Delmia Robotics (Das-
sault Systemes) [1], RobotStudio (ABB) [2], 
Kuka.sim (KUKA AG) [3]. Output code is 
ready for upload on hardware on-site, as 
long as the code generation is completed, 
including the vendor-specific realistic con-
troller simulation module. Virtual machine 
plugin [4] is launched in a virtual commis-
sioning software environment to generate 
the same movement as a realistic controller.

In addition to trajectory and process 
simulation, energy consumption models are 

developed providing the team with data of 
expected power consumption of industrial 
robots and their tools through the manufac-
turing process. The model discussed in this 
paper is based on a robot programmed in 
KUKA robot language that further extends 
the possibilities of robot trajectory process-
ing to estimate the lifetime of robot semi-
conductor power modules depending on the 
intensity of movement program.

The paper investigates the impact of the 
realistic industrial robot mission profile on 
junction temperature and lifetime estima-
tion until failure. Robot axis drive inverter 
isolated gate bipolar transistor junction 
(IGBT) temperature is calculated from mis-
sion profile-specific data set available from 
the energy consumption model. The input 
of lifetime estimation model is IGBT junc-
tion temperature, where junction tempera-
ture swings accelerate packaging degrada-
tion due to thermal expansion coefficient 
mismatch between adjacent materials. 

2. SIMULATION STUDY

Simulation of energy consumption 
of industrial robots is a valuable tool for 
manufacturing site planning, as it is a tool 
for operation scheduling between mul-
tiple robots and trajectory planning for 
cost-effective production. Lifetime of the 
developed program is predicted 7 years of 
production, which is a common cycle in the 
automotive manufacturing industry; there-
fore, even minor efficiency improvements 
provide cost saving through the operating 
period. 

There is a relationship between energy 
efficiency and reliability, as more efficient 
power consumption profile is less demand-
ing for electronics of the robot power cir-
cuit. In addition, data from the model can 

provide other possibilities for reliability 
engineers considering the long-term perfor-
mance of the system. 

The novelty of the research is the cal-
culation of lifetime consumption for power 
electronics modules of industrial robot 
inverter, depending on the created robot 
program and trajectory. Electrical data are 
known from the mechatronic model of 
robot, and trajectory is generated by a real-
istic controller simulation module, degrada-
tion of components as well as maintenance 
intervals can be considered. 

Power consumption varies depending 
on the combined weight of tool and robot 
application type. It is assumed that degrada-
tion of components varies as well, due to the 
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increased thermal loading on power elec-
tronics components, accelerating wear-out 
of solder joints and bond-wires. More agile 
application programs (handling, clinching, 
spot-welding) move or align parts quickly, 
while slow programs are limited by process 
quality such as adhesive bonding or paint-
ing. Accelerating to higher velocity requires 
creating larger amplitude power consump-
tion peaks compared to lower velocity, and 
generates higher power peaks during decel-
eration as well. Increased kinetic energy 
provides larger recuperated energy during 
regenerative braking of robot axis motors. 

Sample of KUKA KR220 6-DOF 
industrial manipulator welding program 
was generated with the realistic controller 

simulation module and simulated in kine-
matic and mechatronic model with dif-
ferent tool mass and analysed for the pur-
pose of the research. Further simulation of 
handling, clinching and adhesive bonding 
(gluing) robot programs was conducted to 
review effects of various mission profiles 
on inverter semiconductor switch junction 
temperature.

Differences in simulated combined 
power consumption of robot motors during 
the same program with tool mass of 0 kg 
and 180 kg are shown in Fig. 1, resulting in 
a 5.9 % difference of average power con-
sumption. More detailed research of robot 
load weight effect on robot power con-
sumption is available in [4].

Fig. 1. Changing load weight effect on combined power consumption of  
industrial robot motors during sample welding program.

Mission profile translation from robot 
code to junction temperature of IGBT is 
required in order to estimate the lifetime 
of the power module. The model offers 
translation from movement path to electri-
cal energy consumed or generated values 
during the robot movement profile. System 
performance calculations are supported by 
a mathematical model, being able to trans-
fer data to and from virtual commissioning 
software through an application program-
ming interface. In addition to the transla-
tion mechatronic model flow, calculation 
of power losses in inverter and IGBT and 
calculation of IGBT junction temperature 
and temperature change are performed as 

shown in Fig. 2.
The trajectory in the applied model 

is generated by KUKA specific realistic 
controller simulation module. The output 
of trajectory calculation is a file with axis 
rotation values in degrees. The next step 
of calculations and further transformation 
to electrical power losses within the vir-
tual model of robot mechatronic hardware 
is supported by freeware Robotics Toolbox 
for MATLAB [5], [6]. Support of differ-
ential motion, 3D and 2D transformation 
functions from this toolbox is involved in 
data processing within the mechatronic 
robot model, providing an output of robot 
torque values. 



6

Fig. 2. Structure of electrical power consumption in a mechatronic model of the robotic  
system including mechanical and electrical losses, with capabilities to simulate the thermal profile of  

inverter semiconductor hardware.

Translated torque values of the simu-
lated sample welding mission profile for 
each of robot axes through the program 
duration are shown in Fig. 3, being an 
input to further calculations in the model. 

The torque of axes 1–3 is higher, as they 
have to move more weight through move-
ment, while axes 4–6 have to move signifi-
cantly less weight; therefore, less torque is 
required.

Fig. 3. The plot of translated axis torque values of six degrees of freedom industrial  
robot program code completing welding operation.
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 Graphics functions, kinetic and 
dynamic models are just some of the options 
provided by the toolbox. 3D visualization is 
integrated into the model presented in this 

paper to review the specifics of analysed 
movement and support path planning and 
optimization research (see Fig. 4-a). 

 

                                            (a)                                                                     (b)

Fig. 4. Sample visualization of V-REP of robot program generated by the realistic controller simulation module 
with an imported 3D model of the manipulator (a). Typical layout of industrial robot system with single supply 

during regenerative braking dissipating energy in brake chopper (b).

Torque translation of robot movement 
axis without any mechanical losses is an 
input to a robot mechanical model, where 
additional losses such as friction, inertia, 
gear losses are considered and calculated 
[7]. Multiple robot models are supported, 
with their mass data available for robot 
links.

 Tool weight and mass center are con-
sidered in simulation, affecting the instanta-
neous torque values of robot motors, since 
increased weight requires more electrical 
energy to accelerate to the same velocity, 
and generates more electrical energy during 
deceleration. 

Mechanical torque with losses from 
robot drive is supplied as an input data to 
an electrical model of the selected industrial 
robot. Stator resistive losses, iron and cable 
losses of permanent magnet synchronous 
motors are considered at this stage of cal-
culations.

After electrical losses of motors are 
added, all of the required input data to 

simulate electric cabinet (see Fig. 4-b) of 
the industrial robot are available. Cabinet 
simulation includes motor current, DC bus 
voltage, current energy stored in the capaci-
tance of DC bus, brake chopper status and 
losses, as well as inverter and rectifier 
power losses.

As shown in Fig. 5, combined motor 
current consumption from DC bus peaks 
during acceleration, and is zero during 
deceleration, since no current is consumed 
when decelerating. The robot is keeping the 
angular position of its axes during six spot 
welding operations by holding motors in a 
fixed position for 0.6 seconds. Depending 
on the gravity force at each location, more 
or less current will be consumed during 
standstill. 

Simulated electric cabinet of an indus-
trial robot is a rectifier-inverter permanent 
magnet synchronous motor drive system 
with DC link, supported by external capaci-
tance for energy storage and brake chopper 
for overvoltage protection. Voltage is recti-
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fied by KUKA Power Pack (rectifier unit) 
and inverted by KUKA Servo Pack (invert-

ers), which return rectified voltage to DC 
link during regenerative braking.

 

Fig. 5. Current in DC bus of the simulated system during sample welding operation  
with six scheduled spot-welding operations. 

Each motor of the robot has its own 
inverter to control its operation, as shown in 
the principal power supply layout of KUKA 
industrial robot in Fig. 6. Six inverters are 
grouped in two KUKA Servo Pack units 
by the rated current. Axes 1–3 are supplied 
by inverters with the rated current of 40 A, 
while the rated current of inverters that sup-

ply axes 4–6 is 20 A. This separation in 
groups is done since the load on the first 
three axes is significantly higher, as they are 
supporting the weight of the robot, tool and 
load. Axes 4, 5 and 6 control the approach 
angle of the tool and could be considered 
for fine-tuning of the movement. 

Fig. 6. Power supply circuit of KUKA industrial robot, including 2 KUKA Servo Pack  
modules to support the drive of robot axes.

For junction temperature estimation, the 
electrical losses of motors and input voltage 
of the DC bus change in time during robot 
movement are considered a mission profile. 
It contains data of current consumption for 
each of 6 degrees of freedom robot axis 
electric motors, as the motor current is sup-
plied directly through semiconductor power 
modules of the inverter. 

While mission profiles have the same 

constraints to maximal current consump-
tion limited by hardware, different indus-
trial robot applications will result in chang-
ing acceleration or deceleration slopes, 
duration, and other key parameters. In the 
presented model, the mission profile con-
sists of six robot axis motor current con-
sumption data in millisecond steps, through 
robot program duration. See sample motor 
current profile of each robot axis in Fig. 7-a.
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                                                   (a)                                                                                    (b)

Fig. 7. The current of robot motor supplied through inverters of each robot axis (a).  
Inverter IGBT losses as a function of input power (b).

The current model evaluates inverter 
performance data to determine and esti-
mate the lifetime of electronics hardware. 
Isolated gate bipolar transistor power losses 
are inverter power level dependent – higher 
power consumption leads to higher losses 
at semiconductor power modules. IGBT 
losses relationship to input power is illus-
trated in Fig. 7-b. Switching and resistive 

losses are estimated from the motor current 
of each axis considering the defined effi-
ciency values, as shown in Eq. (1). In this 
model, anti-parallel diode efficiency is not 
separated from the power module. Constant 
KUKA Servo Pack operating losses not 
related to isolated gate bipolar transistors 
are included in the inverter power loss cal-
culation model as well.

   (1)

where
 – power consumption for each axis after addition of inverter losses (in W); 

 – power consumption for permanent magnet synchronous motors of the robot for each 
axis (in W); 

 – motor current supplied through an inverter for each axis (in A); 
 – rated power consumption of KSP for each of 6 axes (in W); 
 – rated current of KSP (in A); 

 – efficiency loss of KSP inverter not related to IGBT per inverter unit;
 – efficiency loss of KSP inverter related to IGBT per inverter unit;

 – KRL program duration (in ms).

Further transformation of mission pro-
file data is achieved by translation of instan-
taneous IGBT module electrical power 
losses to junction temperature, through the 
electro-thermal model of the semiconduc-
tor power module. To supply a motor of one 
robot axis, six modules are required and 
are considered equal regarding the distribu-

tion of power losses and other parameters 
through this model. Rated current and volt-
age values of industrial robot power mod-
ules can reach 75 A, 600 V. Material pack-
age type will affect the model outcome, as 
it must be able to withstand high junction 
temperature and dissipate high power in 
losses. 
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In the electro-thermal model, forced 
airflow from cabinet fan stabilizes ambi-
ent and heatsink temperatures. Total power 
losses at the IGBT module and anti-parallel 
diode are considered and included in IGBT/

diode junction temperature calculation as 
shown in Eq. (2). It includes values of vari-
ous thermal impedances of the module from 
junction to ambient environment. 

   (2)

where
 – junction temperature of IGBT/diode of robot axis drive inverter (in °C);
 – the ambient temperature of power module in KUKA Servo Pack (in °C);

 – combined power loss of IGBT/diode module (in W);
 – thermal impedance of power module from junction to the case (in °C /W);
 – thermal impedance of power module from case to heatsink (in °C /W);
 – thermal impedance from the heatsink to ambient environment (in °C /W);

 – KRL program duration (in ms).

Parameters for simulation are obtained 
from technical datasheet. If the thermal 
impedance value of anti-parallel diode is 
available in the datasheet, it allows improv-
ing the accuracy of the model. Degradation 
of IGBT can be considered in the thermal 
model to improve accuracy as well [8]. 
Heatsink time delay is not considered in the 
current translation to junction temperature.

Wear-out of IGBT can be estimated 
from junction temperature data. Bond-wire 

damage and die-attach solder fatigue are 
common failure modes [9]–[11] acceler-
ated by thermal cycling [8] in the field life 
or during accelerated testing, as they are 
caused by thermal expansion coefficient 
differences in package materials, leading 
from micro-cracks to eventual failure. Die-
attach solder joint and bond-wire damage 
are linked, as degradation of a die-attach 
joint, lead to failure of bond-wire [12], [13]. 

3. MISSION PROFILE AND JUNCTION TEMPERATURE

Analysis of simulation results con-
firms a relationship between mission pro-
file power consumption and robot motor 
inverter IGBT junction temperature. Two 
scenarios were reviewed during the research 
presented in this paper – changing tool mass 
and robot application type.

Junction temperature was compared 
simulating the same welding program mis-
sion profile and modifying tool mass. It was 
expected that heavier load will increase the 

junction temperature of IGBT modules. As 
shown in Fig. 8, the suggestion was con-
firmed and operating the same profile with 
heavier tool increased junction tempera-
ture. Axes 1–3 revealed a more significant 
increase in junction temperature as these 
axes are affected the most by the increase 
of tool weight, while robot axes 4–6 are 
less affected by the increased weight, due to 
the role of approach angle positioning and 
being less affected by the pull of gravity.
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Fig. 8. Simulated IGBT junction temperature comparison of industrial robot  
with various weight tools performing spot-welding program.

IGBT junction temperatures of multiple 
six degrees of freedom industrial robot pro-
grams were simulated and analysed, chang-
ing the type of robot program. The expecta-
tion of this research is to confirm that more 

agile robot programs with overall higher 
velocity and power consumption lead to 
increased junction temperatures in robot 
hardware. See Table 1 for more detailed 
data of simulated robot programs.

Table 1. Detailed Data of Simulated Various Application Robot Programs

Program name Duration [s] Tool mass [kg] Average power [kW] Program 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

Designed characteristics of handling 
program are to change location from home 
location to load pick-up area with the high-
est velocity, i.e., transport load to process-
ing point, unload, and return to a home 
position. Access of loading area is easy and 
does not require a lot of positioning angle 
adjustment. Handing operation is agile, 
with high velocity, to avoid creating any 
production bottlenecks.

Simulated clinching operation is simi-
lar to handling program – agile and with 
high velocity when moving between pro-
grammed points. It has five scheduled stop 
and wait commands through the program to 
support the clinching operation of the robot 
tool. Access to operation spots is sophisti-
cated and requires extensive positioning 

angle adjustment.  
Spot welding is agile and with high 

velocity as well, since moving from one 
weld location to other is expected to be 
done as quickly as possible to increase pro-
duction output quantity. It has 6 scheduled 
welding spots as mentioned earlier. The 
main difference between spot welding or 
clinching from handling operation is more 
acceleration from complete standstill due to 
multiple processing points.

Adhesive bonding robot profile is 
designed manufacturing process speed-
sensitive. The robot is approaching gluing 
location quickly, then moves the glue dis-
pensing tool with process-safe velocity and 
returns to home location as soon as the glue 
application is complete. 
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IGBT junction temperature reaches 
higher values for programs with higher 
robot velocity – handling, clinching, also 
spot welding, as shown in Fig. 9. Tempera-

ture peaks during acceleration of axis motor 
remain steady during steady operating 
speed and cool down when the axis motor 
is stopped. 

Fig. 9. The simulated IGBT junction temperature of each robot axis during sample robot programs  
in various applications – handling, clinching, adhesive bonding, welding.

To estimate degradation of IGBT mod-
ules of industrial robot inverter due to mis-
sion profile, calculation of thermal swing 
ΔTj is required. Data from simulated robot 
programs are further translated, revealing 
the mission profile potential impact on the 
remaining lifetime of the semiconductor 
switch.

As shown in Fig. 10, the gluing opera-
tion has the least number of significant 
junction thermal cycles and amplitudes for 
robot axes are smaller, since just approach 

and return to home are completed at high 
velocity. Graphs of welding and handling 
operation quantity and amplitudes of ther-
mal swing confirm that higher velocity 
mission profiles have larger and more sig-
nificant junction temperature amplitudes. 
Comparison of simulated clinching pro-
gram reveals that not only velocity is a fac-
tor of thermal degradation, but also start 
and stop cycles, since it includes multiple 
cycles to a standstill.

Fig. 10. Number of thermal swing amplitudes and cycles during simulated programs  
of sample robot applications. 
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4. CONCLUSIONS

The novel capability of IGBT junction 
temperature, thermal swing quantity and 
amplitude simulation has been added to the 
mechatronic system model of six degrees 
of freedom industrial robot. Introduced cal-
culations are intended to be used for IGBT 
lifetime reduction evaluation regarding var-
ious mission profiles translated from robot 
program code. 

While verification of current junction 
temperature results with field data is not 
completed, the current model already pro-
vides an opportunity to quickly test various 

remaining lifetime improvement concepts 
and highlight impact factors such as tool 
mass, stop-to-standstill cycles, program 
velocity, average current consumption, and 
others. Predictive maintenance schedule 
on-site can be adjusted depending on the 
robot program profile, as not all hardware 
has degraded equally.

Development of lifetime consumption 
models and lifetime distribution based on 
the developed mission profile translation is 
scheduled as future work to continue this 
research. 
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