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Nopeussäädetyt sähkökäytöt eli VFD (variable frequency drive) yleistyvät ja korvaavat 

yleisesti käytössä olevia suorakäyttöjä. VFD mahdollistaa prosessioptimoinnin ja auttaa 

parantamaan tuotantoa, valmistettavia tuotteita, turvallisuutta sekä käytön hyötysuhdetta. 

Taajuusmuuttajan lisääminen kuitenkin kasvattaa sähkökäytön vikaantumisriskiä ja sen 

arvaamaton vikaantuminen voi pysäyttää teollisuusprosessin ja aiheuttaa mittavat 

taloudelliset tappiot. Yksi merkittävä vikaantumissyy on lämmönsiirron heikkeneminen, 

joka johtaa komponenttien odotetun eliniän lyhenemiseen tai pahimmillaan käytön tehon 

rajoitukseen tai sen pysäyttämiseen. Tämän takia ennakoivan huollon mahdollisuutta 

etäkunnonvalvonnan avulla pitäisi tarkastella, jotta heikentynyt lämmönsiirto havaittaisiin 

ajoissa. 

Diplomityössä suoritettiin laajoja taajuusmuuttajan lämpötilamittauksia, joiden avulla 

tutkittiin, voiko lämmönsiirron heikkenemisen havaita. Työssä arvioitiin, kuinka 

merkittävästi eri heikentämistekijät vaikuttivat mitattuihin lämpötiloihin sekä voiko 

nykyisillä taajuusmuuttajan mittauksilla havaita lämmönsiirron heikentymisen. Mittauksia 

varten suunniteltiin ajosekvenssi, jonka avulla selvitettiin, kuinka lämmönsiirron 

heikkeneminen voidaan havaita. Suunniteltu Ajosekvenssi jaettiin kolmeen osaan: 

käynnistäminen (askelvaste), pysäyttäminen (jäähtyminen) sekä dynaaminen osuus. 

Mittauksista selvisi, että taajuusmuuttajan käyttölämpötilat nousivat jopa 20 °C, kun 

lämmönsiirtokykyä heikennettiin. Näin suuri käyttölämpötilan nousu vaikuttaa merkittävästi 

komponenttien elinikään sekä kuormitettavuuteen. Taajuusmuuttajan omat mittaukset olivat 

riittävät havaitsemaan lämmönsiirron heikkenemisen, mutta ne eivät pysty tarkasti 

määrittämään syytä heikentyneelle lämmönsiirrolle. Mittauksissa havaittiin, että poistoilman 

lämpötilanmittaus helpottaisi heikentyneen lämmönsiirron havaitsemista. Lämmönsiirron 

heikentyminen havaittiin kaikissa ajosekvenssin osissa. Tulosten perusteella heikentyneen 

lämmönsiirron voi havaita etäkunnonvalvonnan avulla. Jatkotutkimusehdotuksena ovat eri 

laitekokojen testaus ja heikentyneen lämmönsiirron laskentamallin suunnittelu, 

implementointi sekä testaus.  



ABSTRACT 

 

Lappeenranta University of Technology 

LUT School of Energy Systems 

Master’s Degree Programme in Electrical Engineering 

 

Teemu Mikkelä 

Defining heat transfer operability of frequency converter for remote condition 

monitoring 

 

Master’s Thesis 

2019 

 

112 pages, 50 figure, 8 table and 8 appendices 

 

Examiners:  Professor Juha Pyrhönen 

D.Sc. (tech.) Markku Niemelä 

Supervisors: M.Sc. (tech.) Asko Kavala 

Keywords: remote condition monitoring, predictive maintenance, frequency converter, 

heat transfer deterioration, data-analysis 

 

VFD’s (Variable frequency drives) are becoming more common and they are replacing DOL 

(direct-on-line) drives. A VFD enables process optimization, which improves production, 

product quality, safety and process efficiency. However, introducing a frequency converter 

to a drive system also increases the risk of system failure. An unexpected failure of a 

frequency converter can stop an industrial process, which can result in major financial losses. 

Heat transfer deterioration is one of the possible fault sources, because the component 

operation temperatures can increase significantly and reduce the estimated component 

lifetimes or limit the drive performance. Therefore, a possibility of a predictive maintenance 

with remote condition monitoring should be investigated to detect weakened heat transfer. 

Temperature measurements were conducted in this Master’s Thesis to define if the heat 

transfer deterioration can be detected. Moreover, the severity of the different heat transfer 

deterioration parameters were defined and it was assessed if additional temperature 

measurements are required in a frequency converter assembly. A drive sequence was 

designed to investigate how to detect the heat transfer deterioration. The drive sequence was 

divided into three stages: start-up (step response), shutdown (cooling) and dynamic stage. 

Heat transfer deterioration had a significant effect on a device operation temperatures and 

the measured operation temperatures were increased as high as by 20 °C. This high increase 

in operation temperature affects significantly to the component lifetime estimations and 

drive loading capability. Frequency converter’s own measurements are sufficient to detect 

heat transfer deterioration. However, implementing outlet air temperature measurement in 

frequency converter assembly could be useful to detect the heat transfer deterioration. Heat 

transfer deterioration can be detected during whole drive sequence. According to measured 

results, preventive maintenance can be used to monitor the state of heat transfer. Further 

researchers should investigate different device sizes and define, implement and test a heat 

transfer model, which can detect the heat transfer deterioration.  
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1 INTRODUCTION 

One of the most important technologies of all times is electrical drive technology. Electric 

motors and generators are the technologies, which are powering the world. Electric motors 

are the workhorses of the industry and they account around 70 % of the industrial electricity 

consumption and nearly 45 % of the world’s total electricity consumption (Pyrhönen Juha, 

Hrabovcova Valeria et al. 2016). Common applications are, for example, pumping, 

compression, milling, grinding, conveying and ventilation. Moreover, in modern 

manufacturing systems the electrical drives are utilized for precise position control of 

robotics to enable fast and accurate manufacturing.  Most of the power consumption of the 

industry is still consumed by AC induction motors directly connected to power source. 

Directly power-source-connected motors are called as direct-on-line (DOL) applications. 

DOL induction motors are easy to maintain, cheap and reliable. Therefore, they are an 

attractive option for systems where there is no demand for speed control. The rotor speed is 

defined by power supply frequency, slip and number of pole pairs. Large-scale electricity 

generation utilizes DOL-drives which are based of synchronous generator drives. 

 

Most of the direct-on-line applications lack flexible speed control and therefore they are not 

often driven as efficiently as possible (Pyrhönen Juha, Hrabovcova Valeria et al. 2016). 

However, they are still the most common drive type, but the amount of variable frequency 

drives (VFD’s) have increased consistently. Variable frequency drives offer accurate control 

to optimize process and reducing power consumption and therefore increasing efficiency. 

They are already used in demanding applications where precise motor control is required. 

However, they are starting to replace the DOL drives in less demanding systems. Variable 

frequency drives have become more reliable, flexible and cost effective and they continue 

to become more potent as the technologies improve and power electronics become cheaper. 

In addition, industrial automation systems have many advantages utilizing the variable 

frequency drives compared with direct on-line drives. Variable frequency drives enable 

process optimization for greater extent to improve product and process quality. The energy 

savings can be potentially remarkable, especially, in pump and fan applications. 
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In addition to financial significance to reduce the electricity consumption, there are 

environmental benefits in replacing DOLs with VFDs. Carbon dioxide is produced during 

electricity generation. It is a significant greenhouse gas (GHG) contributing to climate 

change. Climate chance is a major environmental challenge, which has recently gained a lot 

of attention. IPCC published a report called SR15, which points out that drastic changes to 

environment politics are required. The goal is to reduce greenhouse gas emissions to limit 

worldwide temperature rise to 1.5 °C. There might be major environmental impacts to people 

and surrounding environment, if the current estimated temperature increase continues. The 

report proposes that the increase of greenhouse gasses in the atmosphere should be stopped 

before the limit of 1.5 °C is reached. This requires a huge reduction of the GHG emissions. 

In addition, carbon capture and storage (CCS) technologies should be considered to reach 

an equilibrium between the produced emissions and emissions absorbed from the 

atmosphere. However, simply improving drive efficiencies in the industry by utilizing VFDs 

instead of DOLs is an environmental-friendly solution to participate the battle against the 

climate change. 

 

Variable frequency drives enable force production, speed, acceleration, direction and many 

other control features. Particularly the possibility to control a motor speed within the 

designed operation range makes process optimization possible by improving product quality, 

safety and production speed. A variable frequency drive can be divided into three principal 

elements (Pyrhönen Juha, Hrabovcova Valeria et al. 2016): 

1) The high-level controller, which is utilized in human machine interfaces (HMI) or 

automated control systems.  In HMI applications an operator can for example start, 

stop or chance a drive speed with buttons, switches, potentiometers or touch screens. 

Automated plant control uses a set point master computer for the same system 

control.  

2) The drive controller, which converts fixed input voltage and frequency into 

adjustable power output to control the speed and the power of motor.  

3) The drive motor, which converts the electrical power into mechanical power. The 

shaft rotational speed is controlled with drive controller by selecting proper power 

output value for drive motor. 

Figure 1.1 presents the principle differences between direct on-line and Variable frequency 

drive system. The figure applies for both motor and generator applications. Primary input is 
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power or speed, but torque or position is used as control signal reference in VFD. In direct-

on-line drives, the input is also power, but the control command is simple on/off. Grey area 

represents the main electric drive components. 

 

Figure 1.1. a) Two or four-quadrant VFD b) DOL drive. (Pyrhönen Juha, Hrabovcova Valeria et al. 2016. 

Reproduced by permission of John Wiley & Sons) 

 

Control state of a DOL drive is controlled typically with a contactor and a thermal protective 

relay is used for motor protection. A variable frequency drive has a more complex structure. 

A frequency converter measures the electrical parameters, which are fed to a controller. In 

addition, the controller receives a reference value, for example, for the torque or speed of 

the motor. The controller calculates an estimate of the speed or torque from the actual 

electrical parameters and the speed or torque is changed to match the given reference value. 

The frequency converter is responsible for the motor control in the VFD, which enables 

numerus features. However, if the frequency converter has a fault, it typically results in the 

drive to stop operating. 

 

1.1 Background of the study 

VFDs have many benefits, but they also create new challenges. A frequency converter is 

added to a system to control the motor. However, adding more components to drive system 

increases its fault sensitivity. A frequency converter is a crucial component in the drive train 

and a proper self- including maintenance actions are an essential subject. Sudden frequency 

converter failure or impaired load ability can result in: 
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1) Major financial losses because of process interruption and resulting a shutdown until 

the fault is maintained. 

2) Financial losses because of process equipment and product damages.  

3) Personnel safety can be at risk with a sudden fault in some applications. 

4) Decreased frequency converter power electronics lifetime and lower load ability if 

the operation temperature increases from designed values. Moreover, a power 

electronics failure can lead into process interruption and lower load ability to process 

not working as designed. 

5) Decreased frequency converter and motor efficiency. 

Increased operation temperatures of the components in the frequency converter can be a 

major issue. Heat transfer and possibly power electronics deterioration can be responsible 

for the increased operation temperatures.  Excessive heating is monitored by thermal limits 

of the power semiconductors like insulated-gate bipolar transistors (IGBT) and metal-oxide-

semiconductor field-effect transistor (MOSFET). In many cases the chip temperature is 

estimated with a NTC measurement inside the module but measuring chip temperature 

directly is possible as well. 

 

Maintaining the drive systems is an effective way to reduce the probability of fault or 

reduced performance issues. Therefore, regular preventive maintenances are scheduled to 

increase drive reliability. Moreover, by maintaining the installed drives regularly with 

product specific schedules, the maintenance costs can be controlled and the performance of 

the drive can be improved significantly over its lifetime (ABB 2018a). However, preventive 

maintenance has its downsides. Scheduling the maintenances in a proper interval is difficult, 

because many factors affect the drive system condition and therefore the maintenance 

demand. The factors can be environmental (dust, moisture, temperature and so on), loading 

profile and total run time. This uncertainty can lead to an unnecessarily short maintenance 

period. Moreover, it is possible that after an unexpected occurrence the maintenance 

necessity becomes immediate, which preventive maintenance cannot predict. 

 

To avoid the downsides of the preventive maintenance, predictive maintenance could be 

utilized beside it. This enables a real-time monitoring of the frequency converter status with 

an algorithm or another trigger from, for example, measured temperatures during the 

operation. A simple trigger could be implemented to a frequency converter self-diagnostic, 
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but a remote condition monitoring is necessary for more complex algorithmic solutions. In 

the case of the remote condition monitoring the device is connected to a remote service with 

ethernet, for example, ABB Ability™ solutions. Analysed data is sent to cloud service where 

a device status is monitored, and service personnel is informed if a possible maintenance 

need is observed. The frequency converter with possible incipient fault is inspected and 

maintenance is scheduled if necessary. The maintenance can be performed during standstill 

since the fault is not yet affecting the drive. Therefore, predictive maintenance increases 

drive system reliability and reduces maintenance costs. 

 

Internet of things (IoT) will revolutionize the industry. It is a network of devices, which 

enables them to exchange data and interact with each other. The communication is extended 

to internet where drives can be remotely monitored and controlled, and the data can be 

transmitted for example to cloud services for data analyzes and storage. The IoT will be an 

essential part of an industry 4.0, which enables communication and interaction between a 

smart factory and supply chain. It offers a possible solution to adjust the operation and  the 

role of manufacturing, supply chain and logistics (Manavalan, Jayakrishna 2018). In 

addition, it has great potential in predictive maintenance and data collection, which can 

improve monitoring of the drive systems and increase their reliability. This could greatly 

improve the possibilities of predictive maintenance in electric drive systems and it would 

also offer an opportunity for improved monitoring of the current state of the drive systems 

remotely. Figure 1.2 presents the foundations of the industry 4.0. 

 

 

Figure 1.2 The base of the industry 4.0 (Adapted from Manavalan, Jayakrishna 2018). 
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1.2 Research objectives and methodology 

There are not significant researches related to frequency converter’s operation temperatures 

under weakened cooling conditions except a test research by Karhumäki (2017). He found 

out that the IGBT junction point temperature increased noticeable during heat sink covering, 

outlet covering and fan speed reduction (Karhumäki Jukka 2017).  However, it was not 

determined how to detect the weakened cooling or could the cause for it be detected. 

Implementing IoT to automation systems equipment is being researched and since the 

remote condition monitoring is being a significant part of it, the possibility for preventive 

maintenance of frequency converter should be investigated. Unnecessary preventive 

maintenance could be prevented when utilizing predictive maintenance and therefore there 

is a major opportunity to reduce maintenance costs and improve utilization. 

 

The focus of this Master’s Thesis is to investigate the heat transfer system of a frequency 

converter and deteriorate it in a controlled way to observe its effects on the converter 

operation temperatures. It is necessary to understand the failure mode of the device to be 

able to implement predictive maintenance to automation system regarding to excessive 

heating caused by heat transfer deterioration. It is examined if it is possible to detect the 

deterioration by monitoring measured temperatures and device loading conditions. In 

addition, it is investigated if the cause of deterioration can be identified, for example, is the 

inlet filter blocked by accumulated dirt or is the cooling fan speed lower than it is supposed 

to be. PT100 measurements are installed to frequency converter assembly to research if 

additional measurement sensors should be implemented to frequency converter to detect heat 

transfer deterioration. In addition, it is investigated in what part of the drive sequence the 

heat transfer deterioration can be detected and how the data analysis should be performed. 

Pros and cons are gathered from start-up, shutdown and dynamic stage of the drive sequence. 

If the measurements are proven to be successful and notable differences are found, there is 

a major opportunity to revolutionize frequency converter self-diagnostics and remote 

condition monitoring. Therefore, drives reliability is increased leading into financial savings 

and improved safety. In addition, component lifetimes increase if the operation temperatures 

stay stable by maintaining heat transfer system if deterioration is detected. 
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Possible heat transfer deterioration cases are investigated. Based on this, the identified 

deterioration parameters are selected as follows: 

1) Fan speed, which simulates fan related deterioration issues. 

2) Outlet blockage, which simulates outlet filter dirt accumulation. 

3) Inlet blockage, which simulates inlet filter dirt accumulation. 

4) Heat sink fin blockage, which simulates fin surface dirt accumulation. 

5) Thermal interface material (TIM)-film removal, which simulates TIM film or 

thermal grease deterioration. 

In addition, the ambient temperature is selected as one of the parameters. Each identified 

parameter is measured at 25 °C, 35 °C and 45 °C ambient temperature. Deteriorate levels 

are selected as 50 % and 75 % except the TIM-film removal, where the TIM-film is 

completely removed. In addition, a normal case is measured in each ambient temperature as 

a reference to measurements with heat transfer deterioration. Therefore, 30 measurements 

are performed in total. A drive sequence is constructed, which is used for each measurement. 

It is divided into start (step response), stop (cooling) and dynamic section. Each section is 

analysed separately, and key findings and parameters are presented. In addition, different 

phenomena are observed, which could be used for predictive maintenance. 

 

ABB frequency converter ACS880-01-169A-3 is used as DUT (device under test). ABB 

ACS850 is used to control a generator, and it is referred as the load machine. The load 

machine and the motor shafts are mechanically coupled. DUT is installed inside a 

calorimeter to control the ambient air temperature. The drives and the calorimeter are 

controlled with LabVIEW programs and the collected data is gathered to .xlsx files. The heat 

transfer deterioration measurements are planned, and necessary installations are performed 

before each measurement case and the designed drive sequence is used for each 

measurement. 

 

1.3 Structure of the thesis 

Chapter 2 is dedicated to explaining the fundamentals of frequency converter’s operation 

and structure, its self-diagnostics and preventive maintenance. Operation environment has 

to be taken into account when planning the installation. Therefore, the environment and its 

effects on the operability are presented. Some of the common failure mechanisms of power 

electronic components and fan are presented. The effects of the operation temperature on 
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their reliability is assessed. This is important to establish, since the heat transfer deterioration 

increases system operation temperatures. Heat dissipation sources are presented to a give 

clear base for the heat transfer components. Basic loss calculations are introduced. Finally, 

a frequency converter’s self-diagnostic regarding to heat transfer system and preventive 

maintenance schedule are presented. They give present situation of how the heat transfer is 

currently indirectly monitored and how deterioration is prevented with scheduled 

maintenance. 

 

Chapter 3 introduces the heat transfer system of the ACS880-01, which is used in the 

temperature measurements and how the basic forced convection and air-cooled frequency 

converter structure could be modelled as a first order system or Foster model. Forced 

convection created with a fan blowing through a heat sink theory is explained for a simplified 

and an advanced model. In addition, deterioration parameter effects are discussed, and fan 

theory is explained to backup the blockage effects of different sections of the cooling duct. 

 

Chapter 4 details the planned measurements, stored parameters and how measurements with 

heat transfer deterioration are performed. Test devices and setup are introduced and installed 

PT100 measurements positions are shown. All the stored frequency converter and PT100 

parameters are listed in tables. Constructed drive sequence is explained with a detail and 

exact speed and torque references are given. Some of the measurements with heat transfer 

deterioration required a lot of preparation. All the preparations are explained for each 

measurement. 

 

Chapter 5 is dedicated for explaining the key results and findings of the measurements. Key 

data is presented graphically and temperature rise including time constant are presented for 

the most important temperature measurements. Moreover, other phenomena found are 

discussed and assessment of their importance are discussed. The pros and cons of the 

measurement setup and the drive sequence are given for each stage shortly. The importance 

of each deterioration parameter is evaluated. 

 

Chapter 6 reports the found phenomena and evaluates their importance. Further studies are 

proposed to continue investigating the heat transfer system status monitoring. Overall, the 

Master’s Thesis results and importance are appraised. 
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2 FREQUENCY CONVERTER BASICS AND FAILURE MECHANISMS 

Literature review is divided into two chapters: 2 Frequency Converter Basics and Failure 

Mechanisms and 3 Heat Transfer of the Frequency Converter. This chapter focuses to 

establish a base for: 

1) Frequency converter basics 

2) Environmental effect on a frequency converter 

3) Failure mechanisms of frequency converter components 

4) Frequency converter heat generation 

5) Preventive maintenance and self-diagnostics of ACS880-01 

 

In this Master’s Thesis the focus is on the voltage source converter, because it is the most 

common type used in drive applications. Other industrial converters are classic DC and AC 

converters, current source converters and matrix converters. Voltage source converters 

rectify AC voltage into direct DC-link voltage and after that it is inverted into desired AC 

voltage. Load commutated converter is a type of current source converter that has indirectly 

determined machine terminal voltage. They are rarely used, but they are still utilized in large 

high-speed synchronous machines. It holds the record for the largest electrical motor drive 

with 101 MW power wind tunnel installation, which was constructed by ABB to NASA 

(Pyrhönen Juha, Hrabovcova Valeria et al. 2016). Matrix converter is developed to get rid 

of DC-link and still have desired input voltage for each output. This requires bidirectional 

switches to change polarities of current and voltage. 

 

Voltage source inverters are usually two-level converters but also three- and five-level 

converters are becoming more popular in high-power medium voltage applications. Two-

level VSI is generally applied between 0.1 kW and 5 MW or even more in marine and 

industrial applications. ABB provides power ratings between 0.12 kW and 5.6 MW 

(Pyrhönen Juha, Hrabovcova Valeria et al. 2016). Three-level VSI’s, have output +, − and 

0-terminals, which all are connected to DC-link. They are getting market share from 

cycloconverters, which were dominant in high-power and low-speed applications. They are 

still used in space restricted environments, because they are more compact than VSI because 

a DC-link takes lots of space. Three-level converters are commonly supplied up to 30 MW 

for medium voltage supply. The integrated-gate-controlled thyristors (IGCT) or Gate-turn-

off (GTO) thyristors are used as power semiconductors. 
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2.1 Basic construction and control of VSI 

Two-level VSI-based drives are the most used control topology in industry. The main parts 

of a VSI are input inductors, AC to DC rectifier, DC-link and DC to AC inverter for variable 

voltage output control. The basic structure of a two-level six-pulse VSI, which is connected 

to a three-phase induction motor is shown in Figure 2.1. 

 

Figure 2.1 Basic structure of a two-level VSI (Pyrhönen Juha, Hrabovcova Valeria et al. 2016. 

Reproduced by permission of John Wiley & Sons). 

 

An input choke is used to protect converter against transient overvoltages by utility capacitor 

switching. They also reduce the total harmonic distortion (THD) associated with the AC 

drive by smoothening the currents taken by the rectifier. They should be applied if multiple 

frequency converters are parallel connected, if there is inequality between phases of line 

power supply or if there is a large drive connected to a grid. Current ripple reduction 

decreases the DC-link capacitor heating extending its lifetime (Shenzhen Kewo Electric 

Technology 2018). 

 

The rectifier converts the three-phase AC input voltage into DC-voltage. Six diodes let the 

current flow in just one direction forming a positive and a negative rail. Traditionally, phases 

have 120-degree phase angle difference, each pair of diodes conducts one-sixth of one cycle 

equaling 60° (electrical). This configuration results in all odd harmonics excluding those 

divisible by 3. The 5th and 7th order harmonics are the lowest and the most harmful ones. The 

DC link mean voltage is calculated by with (Pyrhönen Juha, Hrabovcova Valeria et al. 2016) 
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𝑈DC =
3

π
∫ √2
π

6

−
π

6

𝑈LL cos(𝜔𝑡) d(𝜔𝑡) =
3√2

π
𝑈LL ≈ 1.35𝑈LL, (1) 

where 𝑈LL is the line-to-line voltage, 𝜔 is angular frequency and 𝑡 is time. This results in 

540 VDC in a case of a three-phase 400 VAC supply.  

 

The DC link usually contains a choke connected to the DC-bus. It is not as sufficient in 

removing line harmonics as the input chokes but adds necessary impedance to the system. It 

does not add extra voltage transient protection for the rectifier, but it improves current surge 

protection. One or multiple DC-link capacitors are used to smoothen the voltage and 

balancing it during transients. With sufficiently large capacitance value, the DC-voltage is 

nearly constant. The capacitance value of intermediate DC-link is typically around 20 µF 

per 1 RMS ampere current rating (Pyrhönen Juha, Hrabovcova Valeria et al. 2016). 

 

The output DC-to-AC converter consists of six power semiconductors such as IGBTs 

equipped with antiparallel diode. The power semiconductors are commonly integrated inside 

a power electronic module. The module contains one or more power semiconductor switches 

that are insulated from the cooling surface. All the heat produced by the IGBTs and the 

diodes is meant to be dissipated through the lowest thermal resistance path, which is formed 

by the chip, chip insulation, base plate, TIM and heat sink. The freewheeling diodes 

antiparallel to IGBT’s are utilized to prevent flyback phenomena, where inductive load 

inflicts a large back EMF when a switch is turned off. The turn-off results in a sudden current 

drop in the switch. The inductor resists the chance of the current inducing a voltage according 

to the Lenz’ law until the energy stored in the collapsing magnetic field is dissipated. The 

IGBT needs to withstand this stray inductance cut off during turn-off but the high energy 

motor inductive currents are free to wheel via the diodes. 

 

The DC-to-AC converter is utilized to produce desired output waveforms by controlling the 

switches. Sine-triangle comparison is often used to construct a desired output waveform in 

pulse width modulation (PWM). Originally this modulation type was designed for analog 

technology, but the same principle is used digitally. The reference is constructed for each of 

the phases and one triangular reference is used for all of them. Figure 2.2 illustrates the basic 

principle of sine-triangle comparison and in addition it presents the harmonic content of the 

modulation. Amplitude modulation ratio ma is 0.8 and frequency modulation ratio mf is 15. 
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Figure 2.2 The sine-triangle comparison references, total PWM output and voltage harmonics present in 

the output (Pyrhönen Juha, Hrabovcova Valeria et al. 2016. Reproduced by permission of John 

Wiley & Sons). 

Digital version of the sine-triangle has replaced the old analogue modulation. The reference 

is digitally produced and just reference numeric values and comparison of counter are needed 

for PWM. The frequency modulation ratio is calculated with 

𝑚f =
𝑓sw

𝑓1
,   (2) 

where 𝑓swis switching frequency and 𝑓1 is fundamental output frequency. Synchronous 

modulation is recommended if the modulation ratio is less than 21 to avoid subharmonic 

components. The synchronous modulation requires that the triangular wave varies with 

reference value and all derivatives have opposite polarity at the common zero position of the 

curves (Pyrhönen Juha, Hrabovcova Valeria et al. 2016). However, synchronous modulation 

is not usually required because of high switching frequency capabilities. In addition, 

switching frequency can be kept constant, which results in varying modulation ratio. 
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Amplitude ratio is important when considering linear modulation limit and the condition is 

met, when amplitude ratio is less than 1. The amplitude can be calculated with 

𝑚a =
𝑢ref

𝑢triangle
,  (3) 

where  �̂�ref is peak reference voltage and �̂�triangle is peak reference triangle voltage. The 

peak voltage between phase U and negative bus can be calculated 

�̂�U,N,1 = 𝑚a
𝑈DC

2
.  (4) 

The effective value for line-to-line voltage can be calculated now with 

𝑈LL,inv =
√3

2√2
𝑚a𝑈DC ≈ 0.612𝑚a𝑈DC,  (5) 

When considering equation (1) and equation (5) the maximum output voltage for linear 

modulation is 0.83 𝑈LL meaning for 400 V grid the linear modulation limit is 330 V. The 

maximum output is reached in overmodulation range while using full square wave and the 

RMS voltage for fundamental harmonic is 1.053 𝑈LL, which equals 421 V with 400 V grid 

supply. 3rd harmonic may be added in the sine reference to avoid the 5th and 7th etc. 

harmonics. The amplitude of the 3rd harmonic is 1/3 of the fundamental harmonic reference. 

 

Direct torque control (DTC) is a method to control motor flux linkage directly to enable fast 

torque response. ABB developed this technique to commercial level in 1990’s. Accurate 

torque and speed control at low speeds, as well as full starting torque are possible with DTC. 

Satisfying low speed accuracy can be achieved with right correction ways. Switching 

frequency can be optimized for every control cycle. It can increase torque production from 

zero to nominal in a few milliseconds and it improves the overall drive performance and that 

is why it is widely utilized in many applications. It does not necessarily require speed or 

position feedback unlike field-oriented control (FOC), which removes the need for a speed 

or rotor position encoder. It was originated from one of the founding companies of the ABB 

and it was patented in the mid-1980s (ABB 2015). The calculation utilizes space vector 

quantities of machine parameters to successfully use the vector equivalent circuit of the 

machine. There are two key equations for this classical DTC. The first one is stator voltage 

integral to calculate the stator flux linkage 

𝜳s,est = ∫(𝒖s − 𝑅s𝒊s)d𝑡,   (6) 
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where 𝒖s is stator voltage vector, 𝑅s is stator resistance and 𝒊s is stator current vector. The 

latter part is voltage drop caused by the stator resistance. The second one is the torque 

equation 

𝑻e,est = −
3

2
𝑝𝜳s,est × 𝒊s,   (7) 

where p is the pole pair number, 𝜳s,est is stator flux linkage vector estimate and 𝒊s is stator 

current vector. The rotor flux linkage remains steady, but the stator flux linkage can be 

affected quickly because of the stator leakage flux component. The rotor time constant is 

relatively large in an induction motor, but torque can be rapidly adjusted by controlling the 

angle between the stator and rotor flux linkages. For two-level converter there are eight 

different voltage vectors and six of those are active and two are zero vectors. Optimal 

switching table is utilized to produce desired voltage vector depending of the stator flux 

linkage sector 𝜅, torque demand and stator flux linkage demand. Stator flux linkage and 

torque are held between set hysteresis band and when upper or lower limit is reached, new 

voltage vector is selected accordingly to set stator flux linkage inside the hysteresis band. 

However, ABB’s newer products like ACS880-01 no longer utilize original DTC, which 

was used, for example, in ACS600. The control method is referred as DTC in catalogs and 

marketing. 

 

2.2 Environment and installation of frequency converter 

The environmental effects must be taken into account when designing an installation of a 

drive system. The basic factors are the drive ambient temperature and altitude, which may 

act as converter and motor power derating factors in the case of the air-cooled converters. 

Appendix 1 provides the ACS880-01 technical data for environmental limits as an example 

(ACS880 single drives, catalog - ABB Group. 2018). High ambient temperature affects 

negatively the drive efficiency and high temperatures can shorten component lifetime 

significantly and cause damage. Arrhenius equation (for reliability) can be used to estimate 

the temperature relation to frequency converter components lifetimes. The solution is an 

Arrhenius multiplier, which multiplies the lifetime estimation in test temperature to obtain a 

new estimated lifetime. General form for the Arrhenius multiplier is  

𝑓Arrhenius = 𝑒
𝐸a
𝐾
(
𝑇M−𝑇C
𝑇C𝑇M

)
,   (8) 

where 𝐸a is apparent activation energy, 𝐾 is Boltzmann’s constant, 𝑇M is the test temperature 

and 𝑇C is the absolute temperature of the system. For example, the lifetime estimate of 
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electrolytic capacitor is halved if operation temperature increases by 10 °C according to 

Arrhenius rule (Kirisken, Ugurdag Jan 2014).  The operation temperature has also often a 

lower limit to avoid high thermal cycling. In addition, in the case of the electrolytic capacitor  

the capacitance value decreases as a function of temperature, which can become an issue 

since the DC-link voltage drops (Murata 2012). Figure 2.3 presents the allowed power 

derating factor k for ABB’s ACS880 IP21 (UL Type 1) as a function of temperature. 

 

Figure 2.3 ACS880 IP21 (UL Type 1) derating factor. The operating range is from -15 °C to 55 °C 

(Hardware manual ACS880-01 drives. 2017). 

 

The derating factor decreases by 1 % per every 1 °C increase of ambient temperature after 

40 °C. The derating factor is more severe when the converters IP class increases. The 

derating factor 𝑘 is used as a multiplier for the output current rating given by the 

manufacturer to have the limited current output rendered by high temperature. Altitude has 

a similar effect to maximum current output. At altitudes from 1000 m to 4000 m above sea 

level, the derating factor is reduced 1 %-unit by every 100 m. However, the ambient 

temperature derating factor behaves differently in high altitudes: 1 °C ambient temperature 

increase results in 1.5 % derating factor increase when ambient is below 40 °C. For example, 

2500 m altitude and 30 °C results in derating factor 1.0, but 2500 m altitude 40 °C results in 

0.85 derating factor, which results into 1.5 %-unit derating per 1 °C ambient. Power derating 

factors are represented as a function of altitude and ambient in Figure 2.4. 
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Figure 2.4 Deration factor of air-cooled converter power as a function of installation altitude above sea 

level and ambient temperature (Hardware manual ACS880-01 drives. 2017). 

 

The environmental considered factors are not just ambient temperature and altitude. Air 

quality is an important factor that can affect the VFD’s performance. Chemicals, pollutants, 

dirt and humidity can present concerns if they are able to get inside frequency converter and 

deteriorate power electronics and heat transfer over time. Especially, hydrogen sulfite (H2S) 

can deteriorate electronic components and cause corrosion insulating layers by corrosion 

film. Exposed silver and copper can react with H2S with even low relative humidity. Metal 

surfaces can react presenting a corrosion risk and therefore cause a risk for equipment 

damage. Whiskers or dendrites can be formed by corrosion products in the metallic joints 

and connectors (Salas, Wiener et al. 2012). The frequency converters can operate in a 

relatively high humidity, but condensation is still a problem. This can become a severe issue 

if a cold component is introduced to warm and high moisture air. Condensed water can be 

formed to the surface of the component causing a short-circuit. The IGBT-modules are not 

hermetically sealed, and the atmospheric air can enter inside the module through tiny 

openings. Electronics of the IGBT-module are encapsulated in a cured silicon-based gel 

providing the insulation between conductors. However, the insulator contains diffused air, 

which enables the moisture to be slowly absorbed thought the insulator layer (Drexhage Paul 

2016). After the moisture is absorbed by the insulator gel, there are two notable effects to 

IGBT-module (Drexhage Paul 2016): 
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1) Reduced blocking: If the temperature of heat sink decreases the diffused air 

containing moisture can start to condensate because of decreased dew point. The 

condensed moisture starts to accumulate on the colder surfaces coupled with the heat 

sink. When the condensed water is near a charged semiconductor, the electric field 

of it attracts water because of its dipole characteristics. This can result in reduced 

blocking voltage capability because of the disrupted electric field lines. 

2) Corrosion: The corrosion accumulation to chip edges continues until it finally fails. 

This is a long-term effect and it is tested by manufacturer in high humidity high 

temperature reverse bias test (H3TRB). 

 

Cabinet heater or standby mode of frequency converter should be considered to eliminate 

condensation and high humidity. Figure 2.5 presents the basics of the first case situation, 

when moisture in the silicon gel condenses and is attracted to IGBT-chips. 

 

Figure 2.5 Water molecules have condensed inside the silicone gel and they are attracted to 

semiconductor chip surfaces because of their dipole characteristics (Adapted from Drexhage 

Paul 2016). 

 

Air often contains impurities caused by industrial processes or dust. These impurities do not 

cause immediate issues, but over time they start to accumulate, and their effects become 

considerable. In the case of air-cooled frequency converter, the impurities accumulated to 

inlet and outlet filters and heat sink can cause major issues. Choked filters reduce the airflow 

through the cooling duct resulting into increase to devices operation temperature. Therefore, 

the air filters are replaced regularly to prevent them clogging. The heat sink has major role 

to dissipate power electronic losses, which are mounted to it. Thermal resistance between 

the heat source and ambient air is small to maximize the heat transfer. However, the dirt 

accumulation to heat sink surface not only reduces the air flow between the fins, but also 
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introduces an additional thermal resistance to a heat sink fin surface. Therefore, the effects 

of air impurities have to be taken into account to avoid the excessive heating of power 

electronics. 

 

There are many ways to protect electronic equipment from environmental threats. Obvious 

way is to install the electronics out of the harsh environment by placing them to separate air-

conditioned central cabinet or room, which is called centralized installation. Air-

conditioning develops pressure above atmospheric pressure to prevent impurities from 

entering the frequency converter. Inlet and outlet air filter should be used if the cycled air 

contains dirt or dust. In extreme cases, fitting frequency converters with a cold plate is an 

effective solution to transfer heat outside without exposing the frequency converter to 

environmental pollutants. (Danfoss - Facts Worth Knowing about Frequency Converters. 

2014) 

 

Centralized installation has its drawbacks because motor cables are longer compared to 

decentralized installation. Therefore, the motor cable voltage drop increases because of its 

internal resistance. Moreover, the capacitance between the ground and cable increases and 

might cause overloads for EMC filter components and therefore significant over-currents 

producing ground fault. Some EMI problems might also occur because of longer VFD motor 

cables with high switching frequencies to for example analog measuring equipment. 

 

Against the chemicals like chlorine, hydrogen sulfite and other corrosive substances the 

conformal coating and higher IP-classification are effective ways to protect the power 

electronics inside the frequency converter (Danfoss - Facts Worth Knowing about Frequency 

Converters. 2014). Conformal coating is used on PCBs to protect micro lead spacings and 

material is thin polymeric film, for example, acrylics, silicones and urethanes. It can be 

applied with dispensing, spraying or dipping.  

 

2.3 Failure mechanisms of the power electronic modules (PEM) and their relation to 

operation temperature 

Power semiconductors are commonly included inside a PEM construction. The structure is 

highly inhomogeneous because different materials are used. Ceramic, copper, aluminum, 

polymer and possible composite materials are commonly included inside the PEM. 
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Soldering, direct bond copper (DBC), wire bonding and pressure contacts are used to 

interconnect the different parts. Every material have’s different coefficients of thermal 

expansion, which leads to fluctuating stresses and strains of the module structure during 

varying load conditions. Over time the stresses and strains result into degradation of the PEM 

and ultimately in failure of the interconnections. These issues have to be considered in design 

to increase the reliability of the PEM and ensure sufficient lifetime (Hua Lu, Bailey Aug 

2009). The ageing process and abnormal events like short-circuits, over-voltages and over-

currents accelerates the degradation process of the module (Perpiñà, Navarro et al. 2012). In 

addition, higher temperature fluctuations increase the wire-bonding and solder joint fatigue 

phenomena and therefore temperature fluctuation should be minimized. Temperature swings 

are higher if operation temperatures of components increase, which results in lower 

component lifetimes. Therefore, failure mechanisms are introduced in this Master’s Thesis, 

because heat transfer deterioration results in higher temperature swings. Thermal cycling of 

IGBT module is represented in Figure 2.6. 

 

Figure 2.6 Thermal cycling of power electronic devices and case inside IGBT module (ABB 2018b). 

 

2.3.1  Wire-bonding fatigue 

Multichip PEM include large number of wedge bonds, and many of them are bonded to 

active area of semiconductor devices (IGBTs and freewheeling diodes). IGBT’s and 

freewheeling diodes are exposed close to full temperature swing caused by both power 

dissipation in the silicon and ohmic losses of the wire itself (Ciappa 2002). In addition, the 

skin effect is significant in the wire-bonding, which results in homogenous current flow 

during power cycling (Ciappa 2002). The key mechanism of failure is shear stress between 
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bonding film and wire-bonding, which results in fatigue. Eventually, they are disconnected 

and the point equals to open circuit condition. There are two primary phenomena resulting 

in wire-bonding fatigue: heel cracking propagation and wire-bonding lift-off (Perpiñà, 

Navarro et al. 2012). The heel cracking results from non-optimum wire-bonding process, 

which damages the heel resulting in an initial crack. The wire-bonding lift-off is a result of 

stresses produced by mismatching of the coefficients of thermal expansion over time. The 

phenomenon is initiated by crack at the tail of the wire-bonding, which over time propagates 

between the wire-bonding and chip upper metallization interface (Perpiñà, Navarro et al. 

2012). Heat transfer deterioration increases wire bond temperature swings during operation, 

which results in higher stresses. Additionally, higher mean junction temperature on wire 

bond results in lower lifetime (Schmidt, Zeyss et al. Sep 2013). The temperature swing of 

the chip (silicon) and bond wire (aluminum) results in total strain 𝜀tot, which can be 

described 

𝜀tot = 𝐿(𝛼Al − 𝛼Si)∆𝑇,   (9) 

where L is the wire contact length, ∆𝑇  is the temperature swing and 𝛼Al and 𝛼Si are CTE’s 

of the materials. Figure 2.7 illustrates the wire-bonding fatigue caused deterioration. 

 

 

Figure 2.7 Wire-bonding crack and heel crack. 

 

2.3.2  Solder joint fatigue 

The main failure mechanism of PEM is associated with thermo-mechanical fatigue of the 

solder joint. Solder joints between the die-attach-ceramic substrate and the ceramic 

substrate-base plate are the most critical interfaces (Perpiñà, Navarro et al. 2012). The 

combined effects of large lateral dimension of ceramic substrate-base plate, maximum 

temperature swings and differences of coefficient of thermal expansions results in notable 
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solder joint fatigue over time. Frequently used solder joint materials in multi-chip modules 

are based on tin-silver, indium or tin-lead alloys because of their electrical properties and 

because they are used as soft solders, they need to have good flow characteristics (Perpiñà, 

Navarro et al. 2012). Solder joints cannot be considered as single homogenous phase because 

they evolve over time. For example when copper metallization is soldered with lead-thin 

alloy, the bond is provided through the formation of a Cu5Sn6 intermetallic phase near copper 

layer (Ciappa 2002). Two additional phases are formed in the central part of solder joint: tin 

rich and lead rich regions. Since the copper is more brittle, the fatigue cracks often propagate 

through the copper rich intermetallic layer. They are found mostly near intermetallic layer 

below the ceramic substrate due to larger coefficient of thermal expansion mismatches and 

higher temperatures. Cracks are shown to initiate to form at the borders of the joint by 

metallographic preparations, because shear stresses reach their maximum there (Ciappa 

2002).  Heat transfer deterioration increases the stress in solder joint as well as in wire-

bonding cracking and Ciappa (2002) introduces a Coffin-Manson-like power law model for 

it. 

 

Sharp edges of ceramic substrate increase the thermomechanical stress and so formation of 

cracks. The attached materials are able to expand freely in unbounded direction, but the 

attached interface is bonded and their thermo-mechanical properties like Young modulus 

and thermal expansion coefficients fixes the dynamics of assembly. Therefore, the fractures 

initiate at the outside corners and edges and propagate to center of the soldered materials. 

Figure 2.8 illustrates acoustic microscope image, where bright areas have higher solder 

delamination. 
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Figure 2.8 Solder delamination taken with acoustic microscope image (ABB 2017). 

 

2.4 Typical failure mechanisms of capacitor bank and fan 

PEM-modules are not only components that are affected by wear out and other failure 

mechanisms. Intermediate circuit capacitors are important to balance power difference 

between input and output of frequency converter and to minimize voltage variation of DC-

link. The capacitor bank must be designed carefully to have sufficient lifetime where ripple 

current, voltage, temperature and humidity are taken into account. The capacitor bank 

containing multiple capacitors is used instead of single capacitor because it is more cost 

effective, and they are easier to position inside the frequency converter. Aluminum 

electrolytic capacitors (AL-caps) are discussed further since they are widely utilized in DC-

links in low ripple applications because high capacitance, high energy density and low cost. 

The high capacitance and energy density values are possible because of high operational 

electric field strength. 

 

The failures can be divided into two categories: catastrophic failures due to single-event 

overstress and to over time wear out due to degradation of capacitor. The electric field 

strength voltage limit is called breakdown voltage. After that the dielectric inside the 

capacitor becomes conductive. This can result in a local breakdown, which quickly tracks 

through the dielectric until it reaches opposite plate causing a short circuit destroying the 

capacitor. This can be avoided with certain dielectric materials that insulate the local 

breakdown by melting or evaporating the metal. This is called self-healing breakdown 

(Belkin, Bezryadin et al. 2017). Open circuit failure can result in failure of terminal 
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connections within the capacitor due to corrosion or mechanical stresses (sudden shock or 

vibration). In severe cases an avalanche breakdown (ABD) or thermal runaway (TRA) can 

occur. ABD features large current peak resulting in immediate break-down unlike TRA 

where the current rise is more gradual (Huai Wang, Blaabjerg 2014). The wear out lifetime 

is due to evaporation of the electrolytic liquid inside the capacitor. This results in an increase 

of the ESR (equivalent series resistance) and decrease of the capacitance. Figure 2.9 

represents the capacitor equivalent circuit and its simplified version. 

 

Figure 2.9 Capacitor equivalent circuit and simplified version. Often only ESR and capacitance values 

are informed. Equivalent series inductance can be ignored in lower frequency applications. 

 

In the case of ACS880-01-169A-3, one capacitor capacitance value is 2550 μF and ESR at 

100 Hz is 14.4 mΩ (total of six capacitors in capacitor bank).  End-of-life value for ESR is 

twice as large as the original. Capacitance decreases 20 % at the same time. The ESR 

increase limit for an electrolytic capacitor is reached faster than the capacitance decrease 

limit when operating with higher core temperatures (Khera, Khan et al. Feb 2014). Increase 

of the temperature corresponding to increasing ripple current is a way to identify 

degradation. Lifetime multiplier of electrolytic capacitor can be approximated with 

Arrhenius equation (8) where activation energy is Ea = 0.94, which results in 

𝑓Arrhenius = 2∆𝑇/10,  (10) 

where ∆𝑇 is the temperature difference between test temperature and absolute temperature. 

Therefore, 10 °C increase to operation temperature results in halved estimated lifetime. 

 

Cooling fan is one of the critical components of the frequency converter heat transfer system. 

Therefore, a sudden fan failure results in excessive heating of the components and the 
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frequency converter cannot operate without it. The fault can be mechanical or electrical: 

mechanical faults include lubricant, bearing, shaft, propeller/impeller and fan blade failures 

and electronic faults in control circuit, fan motor or electronic components. They can be 

further divided into “hard” failures where the fan becomes non-functional and “soft” failures 

resulting in RPM reduction, increased noise and increased input current. Vendors of cooling 

fans have slightly different definitions of a fan failure and they can be as follows (Xijin Tian 

2006): 

1) Fan is not functional because of fail to start or locked rotor. 

2) RPM of a fan decreases by 10 % to 30 % depending on vendor guideline. 

3) Fan noise level increases by 3 dB to 5 dB depending on vendor guidelines. The noise 

value follows A-weighting curve defined by IEC 61672:2003. 

4) The nominal or maximum input current is increased by 15 % to 20 % depending on 

vendor guideline.  

Failures of random modern electronic components are rare and with proper circuitry design 

the electrical problems can be avoided, which leads to fewer electrical faults of cooling fan. 

Electrical failures tend to appear at the early stages of operation between the one to three 

years. Mechanical failures are common aging-related failures and they consist of bearing 

failures, thermal distortion and impeller damage. The most common failure is a bearing fault 

and it is usually used to define the lifetime of a cooling fan in a way ISO 281 standard defines 

bearing load rating life. This can be misleading since the bearing failures are often resulting 

from loss of lubricant, not by bearing fatigue itself. The lack of lubricant leads to premature 

wear of bearing because of excessive heating further degrading the lubrication and finally 

damaging the bearing (Xijin Tian 2006). The lifetime of a fan is approximated often with 

deterioration of lubricant, which results in a bearing failure. Arrhenius Equation (8) can also 

be applied with fans as a rule of thumb where 10 °C increase in operation temperature results 

in a double failure rate. Some lubricant vendors provide activation energy value Ea, which 

can be used for the lifetime estimation. This value varies with the operation temperature. 

Higher operation temperatures have a higher acceleration factor than lower temperatures 

(Xijin Tian 2006). Vendor can provide one value for the acceleration factor or two values, 

which are dependent on the operation temperature. It is suggested that an acceleration factor 

of 1.5 per 10 °C increase according to Booser’s grease life equation is used if the acceleration 

factor is not given by vendor (Sung Kim 1996).  The equation for 1.5 acceleration factor is 

𝐴𝐹 = 1.5
𝑇M−𝑇C

10 .  (11) 
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2.5 Loss profile of the frequency converter 

It is important to recognize the loss components of a frequency converter to cover the sources 

of heat in a heat transfer system. In addition, they could be utilized for heat transfer system 

modelling in further studies. Losses are divided in separate groups, which are input inductor, 

diode rectifier, intermediate circuit (chokes and capacitors), IGBT modules and extra losses 

(control circuits and fan). The diode rectifier, intermediate circuit and IGBT modules are 

specified in more detail. The calculations can be performed by utilizing datasheet parameters 

and measured RMS currents and voltages. 

 

2.5.1  Diode rectifier 

The power loss is divided in three different types: forward conduction, switching and reverse 

blocking state losses. The reverse blocking state losses are negligible. In addition, switching 

losses in a line frequency diode bridge rectifier are negligible meaning that only conduction 

losses are considered. The instantaneous conduction losses are calculated with 

𝑃diode,on(𝑡) = 𝑈F𝑖diode(𝑡) + 𝑅F𝑖diode
2 (𝑡), (12) 

where  𝑈F is forward voltage drop, 𝑖diode is instantaneous value for diode current and 𝑅F is 

on-state resistance. Both 𝑈F and 𝑅F are provided in manufacturers datasheet. The total diode 

rectifier losses are six times of the calculated losses of equation (9). (Aarniovuori, Laurila et 

al. 2012) 

 

2.5.2  Intermediate circuit losses 

In the intermediate circuit components, only capacitor bank and discharging resistor are 

taken into consideration. The capacitors heat up the input air going through the heat sink fins 

and the discharging resistor is connected to heat sink. Therefore, they are analyzed to have 

better understanding of the heat transfer of a frequency converter. The DC choke losses are 

neglected in this calculation. The capacitor losses can be divided to ohmic losses and 

dielectric losses attributed to polarizing mechanisms of the electric field in molecular level. 

The ohmic losses come from electrodes and termination metals. The dissipation losses can 

be represented with equivalent series losses ESR, which are given as values or curve with 

frequency dependency by manufacturers datasheet. The DC link current consists of the 

fundamental DC component, three phase diode rectifier harmonics and switching frequency 
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harmonics. The diode rectifier output voltage contains n times 6th order harmonics and with 

50 Hz line frequency the harmonic frequencies are 300 Hz, 600 Hz, 900 Hz and so forth. 

The total losses of the capacitor can be calculated with 

𝑃C = ∑ 𝐼C(6n)
2

n 𝐸𝑆𝑅C(6n),  (13) 

where 𝐼C(n) is nth order RMS capacitor current and 𝐸𝑆𝑅C(n) is equivalent series resistance in 

examined frequency for capacitor. Every of the series- and parallel-connected capacitors in 

the DC-link capacitor bank are taken into account. The resistive losses of the discharging 

resistor are 

𝑃discharge =
𝑈C
2

𝑅discharge
,  (14) 

where 𝑅discharge is the resistance of the discharge resistor. (Aarniovuori, Laurila et al. 2012) 

 

2.5.3  IGBT-module 

The module power losses are divided into IGBT-chips and freewheeling diodes power 

dissipation. The IGBT losses consist of on-state, turn-on and turn-off losses. Conduction 

losses are affected by duty cycle, load current and junction temperature. Switching losses 

are affected by load current, DC-link voltage, junction temperature and switching frequency. 

The higher the switching frequency, the higher the losses are. Figure 2.10 illustrates the 

collector current 𝑖c, collector-emitter voltage 𝑈CE and the energy losses during one switching 

period. 

 

Figure 2.10 The IGBT 𝑖c and 𝑈CE values and corresponding losses during switching period. (adapted from 

Rao Noman, Chamund Dinesh 2014). 

 

Collector current increases rapidly and collector-emitter current decreases when the IGBT 

is switched to on-state. The switch is not immediately turned-on, and it is described by 

current rise time 𝑡r. 𝑡r is influenced by IGBT gate characteristics and it describes the time 𝑖c 
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increases from 10 % to 90 % of its final value. Overshoot is also present on 𝑖c during turn-

on. It corresponds to mirror image of diode current, which happens during reverse recovery 

time 𝑡rr. The 𝑡rr is a time from diode zero-crossing to where reverse recovery current 𝐼rrm 

falls to zero or to a predefined low value. Typical reverse recovery waveform of a diode is 

presented in Figure 2.11. 

 

 

Figure 2.11 Typical diode reverse recovery characteristics. Voltage, current and other parameters of the 

freewheeling diode presented (Adapted from IGBT datasheet tutorial. 2014). Since the 

switching losses are approximated, only Esw,diode is required for calculations. 

 

The instantaneous conduction losses for IGBTs and freewheeling diodes are (Bierhoff, 

Fuchs 2004) 

𝑃IGBT,cond = 𝑈CB0𝑖m(𝑡) + 𝑅CB0𝑖m
2 (𝑡)  (15) 

and (Bierhoff, Fuchs 2004) 

𝑃diode,cond = 𝑈F0𝑖m(𝑡) + 𝑅F0𝐼m
2 (𝑡)  (16) 

where 𝑖m is motor phase current (corresponds to ic), 𝑈CB0 is the IGBT’s threshold voltage, 

𝑅CB0 is the IGBT’s on-state resistance and corresponding values for diode are 𝑈F0 and 𝑅F0. 

Linear loss model is also utilized for switching losses. The switching energy (shown in 

Figure 2.10 as Eon + Eoff) for reference commutation voltage and current must be known and 

therefore no complicated calculation is required. The switching losses for diode and IGBT 

are (Bierhoff, Fuchs 2004) 

𝑃IGBT,sw =
𝑈DC𝐼m

𝑈rated𝐼rated
𝐸sw,IGBT𝑁sw,change (17) 

and (Bierhoff, Fuchs 2004) 
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 𝑃diode,sw =
UDC𝐼m

𝑈rated𝐼rated
𝐸sw,diode𝑁sw,change (18) 

where 𝑈DC,rated and 𝐼m,rated are reference values for specific switching energy 𝐸sw,diode and 

𝑁sw,change is number of switch changes for certain time period. 

2.5.4  Other sources 

Braking resistor, charging resistor, DC-choke (and/or possible line filters) and auxiliary 

devices including fan are also dissipating losses in frequency converter. When braking the 

motor, it acts like a generator increasing the DC-link voltage. A braking resistor is used to 

limit the voltage rise protecting both the motor and the DC-link. The generated power is 

dissipated to heat which is transferred to ambient air via heat sink. The resistor value is 

chosen to satisfy the designed peak braking power value and it is on-off controlled when the 

DC-link voltage surpasses a specified voltage limit. This is optional for frame sizes R5 and 

above for ABB ACS880-01. A charging resistor limits the inrush DC-link current during 

start-up. Auxiliary devices include microcontrollers, internal power supplies, displays, 

digital and analogue inputs and outputs and the cooling fan. 

 

Line choke losses contain joule losses, hysteresis losses and eddy current losses. The losses 

can be estimated with supplier datasheet values or by measurements. The frequency 

dependency of the losses can be modelled utilizing lumped models like Cauer or Foster 

equivalent models (de Leon, Semlyen 1993). In this case, the losses of one load point are 

known. Therefore, lumped parameters are not used and single ESR value is utilized instead. 

The line choke losses can be calculated with (Aarniovuori, Laurila et al. 2012) 

𝑃choke(𝑡) = 3𝑖L
2(𝑡)𝐸𝑆𝑅L,   (19) 

where 𝑖L is line current through inductor and 𝐸𝑆𝑅L is equivalent series resistance calculated 

with measured currents and losses of the input inductor (Aarniovuori, Laurila et al. 2012). 

 

2.6 Frequency converter thermal and heat transfer self-diagnostics  

Frequency converter has multiple ways to identify possible failures of VFD. Self-diagnostics 

consist electrical value measurements and estimates, which protect frequency converters 

power electronics and motor. In addition, communication issues, excessive temperatures and 

programmable warnings/faults are monitored. In a case of ACS880-01 when a possible 

difficulty occurs, the fault/warning code is displayed on a control panel or on a Drive 

composer PC tool. This should be responded according to firmware instructions of the 
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displayed aux code. Contacting local ABB representative is advisable or in some cases 

necessary. After the issue has been solved, the message is reset, but in some cases frequency 

converter restart is required. The event log stores 16 latest faults and 16 latest warnings that 

have occurred and it can be accessed by control panel or Drive composer. 

 

ACS880-01 has multiple ways to determine possible thermal overloading using temperature 

measurements integrated to it. The most important temperature measurements are control 

board temperature, ambient temperature and V-phase IGBT-module NTC-resistor. The 

IGBT temperature measurement is not applied for low power frequency converters, but 

higher power converters the middle IGBT module or all IGBT module temperatures are 

measured. The Ambient temperature defines possible derating factor if the temperature is 

too high. IGBT-module temperature measurement is used to estimate IGBT case and chip 

junction point temperature. Chip junction temperature is critical, because crossing the 

operating junction temperature Tj reduces its lifetime and it could damage the chip. 

Acceptable product lifetime should be assured by limiting the temperature to Tj value, which 

is given by manufacturer. The temperature can be limited with multiple means. Switching 

frequency can be decreased to some extent and as a last resort current can be decreased, 

which reduces the output power. Fan operation is monitored to identify possible 

disconnection or if it gets stuck. The primary faults associated to heat transfer system are 

presented in Table 1. There are warning codes with the same fault and cause description 

corresponding to Table 1 expect the code is different. 
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Table 1 Faults associated to heat transfer of ACS880-1. 

Fault Cause Code 

 
 

IGBT overload 

Excessive IGBT junction to 
case temperature. This fault 
protects the IGBT(s) and can 

be activated by a short circuit 
in the motor cable. 

 
 

2381 

IGBT 
overtemperature 

Estimated IGBT 
temperature is excessive 

4210 

IGBT 
temperature 

IGBT temperature is excessive. 42F1 

Cooling Converter module temperature is excessive. 4290 

Excess 
temperature 

difference 

High temperature difference between the IGBTs of 
different phases. 

 
4380 

Fan Cooling fan stuck or disconnected. 5080 

 

These are simple but effective means to protect the device for excessive temperature stresses. 

When a warning or fault is identified, the output power can be limited, or the modulation 

might be stopped immediately with a specified ramp. This can be an issue because it can 

disrupt the process. Therefore, it would be more advantageous to predict the fault with 

preventive fault detection. When a possible fault is detected, a maintenance could be 

scheduled when the drive is not operated. This would prevent the sudden process interruption 

and therefore financial losses. Heat transfer deterioration system is one of the key 

mechanisms which cause the excessive heating of components. The frequency converter 

integrated temperature measurements could be used to detect the heat transfer deterioration 

before the issue becomes too severe and operation temperatures become too high. Solution 

could be implemented to frequency converters self-diagnostics, but it cannot be complex 

because of limited computation capacity. Therefore, remote condition monitoring could be 

effective solution. Remote condition monitoring enables more complex data analysis, for 

example, algorithmic solutions. 

 

2.7 Preventive maintenance schedule for ACS880-01 

Variable frequency drives have pre-scheduled maintenances for frequency converter to 

ensure optimum performance and high reliability. With this, unpredictable equipment failure 

or performance deterioration probability can be minimized, and normal operation of drive 

system can be assured in most cases. The intervals of maintenance and inspections are 



41 

 

chosen to satisfy the reliability and operation requirements. For normal operation and 

conventional environmental conditions there is a preliminary schedule which to follow. 

Maintenance intervals might be shorter if device is driven long term near maximum specified 

ratings or if the environment is harsh (high temperature, high moisture, chemicals, dirt). In 

these cases, maintenance schedule should be planned with ABB service personnel, so the 

proper maintenance intervals are specified properly to maximize drive reliability and 

performance. For example, capacitor lifespan depends on operating time, loading and 

temperature. 

 

Appendix 2 presents the schedule for normal operation and conventional environmental 

circumstances of ACS880-01. The maintenances are separated to recommended annual 

actions, cooling and aging. They are further divided into inspections, which can lead to 

maintenance actions, performance checking including commissioning, tests, measurements 

and possible other works and regular replacements. Annual inspections and regular 

replacements related to heat transfer are filters, fan, environmental factors like dustiness, 

corrosion and temperature and heat sink condition. Accumulated dirt of air filters can reduce 

the intake air significantly, which is why they are inspected or in some cases replaced 

regularly. In severe cases, the intake air may not be enough to cool frequency converter 

power electronics resulting in excessive heating. Overall environment dustiness, corrosion 

and moisture are inspected. High amounts of moisture and dustiness can lead fast dirt 

accumulation to filters and heat sink surface. Therefore, actions are required to reduce them 

to prevent heat transfer deterioration if they are found in excessive amounts. In addition, 

moisture can result in corrosion, which can damage connections, power electronics or even 

cause short circuit. Heat sink is inspected and cleaned if necessary annually, because dirt 

accumulation reduces the air flowing through the fins and it presents additional thermal 

resistance layer on the surface of the heat sink. Main cooling fan, cabinet cooling fans and 

auxiliary fan are replaced regularly because of their limited life time and possible operation 

fan speed reduction. Reduced fan speed is also a possible reason for weakened heat transfer. 

Replacement interval for the fans are set to six years in this case. 

 

There are many regular preventive maintenance operations to prevent heat transfer 

deterioration, which increases the reliability and performance of the frequency converter. 

However, if the preventive maintenance is scheduled with too long maintenance periods or 
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the environment changes, it may lead to decrease to reliability. In addition, the preventive 

maintenance cannot respond to other unexpected occurrences. Therefore, predictive 

maintenance should be considered. When predictive maintenance detects a possible 

beginning issue, a scheduled inspection and possible repair is arranged when the drive is not 

operated. Therefore, the maintenance would not cause process interruption and the reliability 

and performance of the drive would be improved even further. 
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3 HEAT TRANSFER OF FREQUENCY CONVERTER 

The efficiency of a frequency converter is high, from 97 % to 99 % (Technical guide No. 4: 

Guide to variable speed drives. 2011). Nevertheless, the generated heat losses are 

significant, and the heat must be dissipated from the frequency converter. In the case of air-

cooled frequency converter, a heat sink is used to dissipate the losses to ambient air with 

forced convection. Without properly designed heat transfer, the power electronic 

components could overheat and be damaged, or their lifetime could be reduced considerably. 

The role of the heat transfer is becoming more prominent because power densities of power 

electronics are reducing. Therefore, heat flux values increase, which correspondingly also 

increases the necessity for better heat transfer to keep temperatures in acceptable level. 

 

Heat transfer is divided into three key mechanisms, which are thermal conduction, thermal 

convection and thermal radiation. For heat sink applications, the dissipated heat from 

mounted electronics flows to heat sink with conduction and finally to ambient temperature 

with natural or forced convection. Natural convection is based to density differences where 

heat is transferred to fluid which is in contact with heat source. This results in temperature 

increase of the fluid resulting its density to decrease. This results to heated fluid to rise by 

buoyancy force and colder fluid replaces the heated-up fluid. The convective heat transfer 

coefficient is low for natural convection. Therefore, forced convection is used to have better 

heat transfer capability. Forced convection utilizes external source to create motion to fluid, 

for example, a fan. The heat transfer coefficient values can be significantly higher for forced 

convection than natural convection. However, forced convection always includes some 

natural convection. The thermal radiation is increased with heat sink temperature. This term 

is often neglectable because of low emissivity of heat sink surface. 

 

3.1 The structure of ACS880-01 cooling system 

Opened cooling channel of ACS880-01-169A-3 can be seen in Figure 3.1. 
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Figure 3.1 The ACS880-01-169A-3 cooling channel opened. Upper half includes a heat sink and a 

capacitor bank with six capacitors. Behind the lower side plate there are two DC-link chokes. 

 

The fan blows air inside the cooling channel which results in over pressure. This prevents 

the air and possible dirt from entering the cooling channel from other routes, for example, 

small gaps of the frequency converter sides. The cooling fan can be operated with constant 

or variable speed. In the case of ACS880-01, the fan control is variable speed, and fan speed 

is dependent of the estimated junction temperature of an IGBT chip. The capacitor bank is 

located first inside the cooling duct and the heat is dissipated directly from the surface of the 

capacitors. After the capacitor bank most of the air enters to heat sink and rest enters under 

the plate seen in Figure 3.1. DC-chokes connected to negative and positive bus are located 

below the plate. Power electronics are mounted to heat sink, which introduces low thermal 

resistance path for heat to dissipate to ambient air from heat sink fins. Finally, the cooling 

air leaves from the outlet of the frequency converter. A possibility to outlet heated-up cooling 

air to recirculate to back to inlet should be prevented. This reduces the effectiveness of heat 

transfer significantly. The air flow for cabinet installed frequency converter can be seen in 

Figure 3.2, which also illustrates the possibility of recirculation of the air. 
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Figure 3.2 Cooling air flow through a cabinet installed frequency converter. Recirculation of cooling air 

with red crosses should be prevented (Hardware manual ACS880-01 drives. 2017). 

 

Components mounted to heat sink of the ACS880-01 are IGBT modules, diode rectifier, 

discharging, charging resistors and possibly braking resistor. Components are arranged and 

installed on the heat sink based on power losses, size and cooling requirements. However, 

usually the most vulnerable components for excessive heating are on the inlet side of thee 

heat sink This is because the heat transfer is most effective at beginning of the heat sink since 

the cooling air heats up when travelling between the heat sink fins. Therefore, the forced 

convection weakens, which results the best heat transfer to be at the beginning of the inlet 

side of the heat sink. PEM modules have the most significant losses and they are vulnerable 

to excessive heating, which is why they are commonly located first at the heat sink. The 

capacitor bank is located to beginning of the cooling channel because electrolytic capacitors 

lifetime is highly dependent to operation temperature. Figure 3.3 represents the components 

mounted to ACS880-01 heat sink. 

 



46 

 

 

Figure 3.3 Components mounted to heat sink. The heat sink dimensions are 26.6 x 28.2 cm. 

 

3.2 Thermal modelling of the IGBT modules 

The module can be modelled with an equivalent RC circuit with thermal resistances and 

thermal capacitances. The thermal resistance Rth can be defined when examined object 

thermal conductivity and geometry are known 

𝑅th =
𝑑

𝜆𝐴
,   (20) 

where d is length of the cross-sectional surface area, 𝜆 is thermal conductivity and A is the 

contact surface area. The thermal resistance can be also defined for two separate points when 

temperature difference and heat flow are known 

𝑅th =
Δ𝑇

𝑃
,   (21) 

where Δ𝑇 is temperature difference between the two points and P is heat flow between the 

points. Therefore, measuring two temperature points and if the total heat flow can be 

approximated, a good estimate can be done for thermal resistance based on the 

measurements. However, thermal resistance is two-dimensional parameter unlike the heat 

flow, which is three-dimensional. Therefore, equation (21) is not sufficient approach for 

cases where the heat flow is significant through other than the examined route. In the case 

of IGBT module, almost all the heat flow goes through the case to heat sink where it is 

transferred to ambient air. Heat flow through the module casing is neglectable, because the 

thermal resistance is significantly higher. Therefore, equation (21) can be utilized when 

calculating thermal resistances between the IGBT chip and heat sink. However, other heat 

sources near the measured temperatures can affect the calculated thermal resistance 

significantly. The heat capacity is defined with 
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𝐶th =
𝑐p

𝑚
,   (22) 

Where cp is specific heat capacity of material and m is mass of the object. Thermal time 

constant can be defined with thermal resistance and thermal capacity 

𝜏 = 𝑅th𝐶th.   (23) 

 

PEM can be divided into multiple thermal resistances. The thermal resistance between one 

chip and the heat sink can be observed where the other chips are parallel to this with the 

same thermal structure. PEM divided into different layers, which is mounted top of the heat 

sink is represented in Figure 3.4. 

 

Figure 3.4 The PEM module structure divided into different parts. 

 

Different resistances can be modelled with Cauer or Foster model. Foster model cannot 

estimate the temperatures inside the system unlike the Cauer model. Nevertheless, the Foster 

model is often utilized since the Cauer model require detailed information of material 

characteristics of different layers (Thermal Equivalent Model of IGBT Modules. 2015). The 

thermal impedance can be realized with 

𝑍th(𝑡) = ∑ 𝑅th,i(1 − e
−𝑡

𝜏i⁄ )𝑛
𝑖=1 .  (24) 

If the heat sink or heat sources are added, then the all parameters require retuning. However, 

Simulink can take this into account by paralleling of the single element models. The Foster 

model is presented in Figure 3.5. 
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Figure 3.5 Foster model with heat source and RC components of different component parts. 

 

The step response in s-domain is 

𝑌(𝑠) = 𝑈(𝑠) ∙ 𝐺(𝑠),  (25) 

Where 𝐺(𝑠) is transfer function and 𝑈(𝑠) is unity step input. Thermal impedance equation 

(24) can be presented in s-domain when step input is applied 

𝑍th(𝑠) =
𝑅th

1+𝑠𝜏
.  (26) 

The different Foster model parameters are required from vendor datasheet or by measuring 

them. Vendors often provide transient response curves for module. If not, they must be 

measured with heating or cooling curves. The time constants for module is approximately 1 

s and heat sink time constant ranges from around 10 s to several 100 s. Therefore, the heat 

sink temperature rise distorts the module a little (Transient thermal measurements and 

thermal equivalent circuit models. 2018). 

 

3.3 Heat sink heat transfer with forced convection 

Heat sink can be dimensioned when ambient air 𝑇∞, maximum allowable heat sink 

attachment surface temperature 𝑇s of the device and power dissipation P are known 

𝑅max =
𝑇s−𝑇∞

𝑃
,  (27) 

where heat sink thermal resistance Rhs must be less than 𝑅max with a specified flow rate. The 

Rhs be approximated with a simplified calculation 

𝑅hs =
1

𝛼conv(𝐴base+𝑁fin𝐴fin)
,  (28) 

where 𝛼conv is convective heat transfer, 𝐴base is heat sink base surface, 𝑁fin is number of 

fins and 𝐴fin is surface area of a fin. The 𝐴base can be defined with 

𝐴base = (𝑁fin − 1)𝑏𝑙,  (29) 
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where b is the fin channel spacing and l is fin characteristic length. 𝐴fin can be calculated 

with 

𝐴fin = 2𝐻f𝑙,   (30) 

where 𝐻f is the height of a fin. Note that the 𝐻f does not account the base height of the heat 

sink. Now the primary heat transfer area of the heat sink is known. Now the convective heat 

transfer h can be calculated. If the thermal radiation and conduction are neglected and the 

heat sink is assumed to be in constant temperature, then convective can be calculated with 

𝛼conv =
𝑞conv

(𝐴base+𝐴fin)(𝑇s−𝑇∞)
, (31) 

The flow characteristics can be now calculated. Note that the fluid coefficients can be 

determined from tables utilizing the film temperature Tfilm, which is calculated with average 

value of heat sink and input air temperature. First the Nusselt number Nu can be defined with 

𝑁𝑢 =
𝛼𝑙

𝜆
,   (32) 

where 𝜆 is fluids heat transfer coefficient. Prandtl number Pr can be determined when the 

film temperature Tfilm is known with table of air characteristics. The air flow is assumed to 

be laminar and the surface area between the fins is flat, which case the Reynolds number 

must be less than 500 000. With these assumptions the Reynolds number can be solved with 

𝑁𝑢 = 0.664𝑅𝑒1/2𝑃𝑟1/3  (33) 

and 

⇒ 𝑅𝑒 = √
𝑁𝑢

0.664𝑃𝑟1/3
.  (34) 

With these values the required airflow speed can be calculated between the fins with 

𝑅𝑒 =
𝑣𝑙

𝜈
   (35) 

⇒ 𝑣 =
𝜈𝑅𝑒

𝑙
,   (36) 

where ν is dynamic viscosity. 

 

Teertstra at el. (1999) introduces more complex model, which takes into account the effects 

of the parallel plated fins and therefore improving the approximations. A fin efficiency is 

introduced, and flow characteristics are calculated in more complex manner. For example, 

when calculating fin resistance, the fin efficiency 𝜂fin is added into equation (28). New 

equation for heat sinks thermal resistance is 

𝑅hs =
1

𝛼(𝐴base+𝑁fin𝜂fin𝐴fin)
.  (37) 
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Fin efficiency is calculated with 

𝜂fin =
tanh(𝑚fin𝐻f)

𝑚fin
,  (38) 

where 𝑚fin is coefficient defined with 

𝑚fin = √
𝛼𝑃

𝜆𝐴c
,   (39) 

where λ is thermal conductivity of fin material. The Perimeter P and cross-sectional area 𝐴c 

are geometrical values and they can be calculated with 

𝑃 = 2𝑡 + 2𝑙 and  (40) 

𝐴c = 𝑤𝑙,   (41) 

where w is fin width. The model is limited to parallel plate fin heat sinks where heat sink fin 

height is much higher than heat sink fin channel spacing meaning that 𝐻 ≫ 𝑏 (Teertstra, 

Yovanovich et al. 1999). 

 

The cooling fan is usually located on the inlet side of the frequency converter to prevent, for 

example, dirt entering inside the frequency converter through the small gaps of the frame. In 

some cases, the cooling fan can be outlet side of the cooling duct. Some converters may have 

two fans installed parallel. Therefore, if one of the fans has a fault, other can still provide 

cooling air for the heat transfer, but these cases are not discussed further.  In the case of 

ACS880-01-169A-3, a single fan in inlet side is utilized and it is variable speed operated. 

Example performance curve of a fan and system resistance curve are illustrated in Figure 

3.6. 
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Figure 3.6: Two fan performance curves with different operation speeds, system resistance curve and 

operation point examples for fan operation. 

 

The fan performance can be approximated in relation to rotational speed with three different 

fan laws as follows: 

1) The volumetric flow rate is directly proportional to rotational speed 
𝑣new

𝑣old
=

�̇�new

�̇�old
. 

2) The pressure varies as the square to the ratio of rotational speed 
𝑣new

𝑣old
= (

𝑝new

𝑝old
)
2

. 

3) The power of the fan has cubic relation with rotational speed 
𝑣new

𝑣old
= (

𝑃new

𝑃old
)
3

. 

The 1) and 2) laws can be seen in Figure 3.6 with close accuracy. Figure 3.6 is not exact in 

the case of axial fans and the leftmost part of the curve often exhibits a sharp “dip”. In this 

region the flow characteristics are unpredictable, and it is referred as unstable area. The 

combined effects of high pressure and low volumetric flow cause the airflow characteristics 

across the blades change or break. The system should be designed so the operation on this 

area is not possible. The operation point should not be also chosen too far right on the curve, 

because it limits the flexibility to compensate for future system changes and the fan 

efficiency is lower compared to larger fan operating with lower speed (Understanding of fan 

performance curves. 2007). The optimal operation area is after the instability area but not 

too far in the right of the performance curve. When designing the fan for specific system, it 

is important to examine the pressure difference resulted by the airflow. Pressure difference 

determines the pump or fan power and it is calculated with 

∆𝑝f = 𝑓fric
𝑙

𝐷

𝜌𝑣2

2
,  (42) 
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where f is friction coefficient, l is length of the duct and D is the duct diameter. 

 

Even when the fan is selected accordingly, the ageing effects can lower the cooling 

performance of the system. The dirt can increase the system resistance, which leads to system 

resistance curve move left in fan performance curve. Therefore, operation point of fan moves 

also left, which results in lower volumetric flow and higher static pressure. In the case of a 

frequency converter, the heat sink fins and output filter are the places where the dirt 

accumulates. Inlet air filter can be choked by dirt reducing the volumetric flow of the system. 

In this case, the reduction of volumetric flow decreases the static system pressure. 

 

Fan blades reflect the air when passing through the airstream. By increasing the attack angle, 

the amount of reflection is increased, and this phenomenon generates the system pressure. If 

the attack angle becomes too severe, the airflow will not be uniform at the blade surface and 

the pressure which is generated starts to fall. This is referred often as stall region where flow 

becomes unpredictable. This can be seen as a dip in fan performance curve. The volumetric 

flow is too low in this region. Selecting a too large fan for the system or accumulated dirt 

can increase the system resistance, which results in operation in stall region in severe cases. 

Operating in pure stall often results in variable frequency noise, which can be heard. Major 

concern is the mechanical damage caused by rapid changes in flow characteristics resulting 

in varying stresses. Continuous operation in stall region can cause metal fatigue especially 

with axial fans. Phenomenon called fan surge can occur at the positive slope in the stall 

region. Surge occurs instead of stall if sufficient amount of air is provided through inlet. 

Pressure gradient is able to change to oppose the flow direction and in extreme cases the 

flow can blow back through the inlet. The surging can be recognized by constant frequency 

noise. 

 

 

 

 

 

 



53 

 

4 MEASUREMENT ARRANGEMENTS AND STORED PARAMETERS 

The research goal of the Master’s Thesis is to examine heat transfer deterioration effects on 

the temperature measurements of a frequency converter. The device under test (DUT) is 

ACS880-01-169A-3. DUT controls a motor, whose shaft is mechanically connected with 

motor operated as generator. The motor operated as generator is referred as a load machine. 

Load machine is controlled by a frequency converter. The DUT is installed inside a 

calorimeter to be able to control the ambient air temperature. External control is used to 

operate both drives and designed parameters are stored. Ethernet protocol PROFINET is 

used for data transfer.  In addition, PT100 temperature measurements are installed to the 

DUT’s assembly to verify frequency converters own measurements and some of them are to 

find thermal behaviors in different parts of the converter. The frequency converter is 

disassembled and assembled multiple times when preparing deterioration measurement 

setups. A predefined drive sequence is constructed and used in all measurements. Total of 

30 measurements are designed and carried out.  

 

This section reviews in detail the measurement arrangements, which include the equipment 

information and installation setup. Measured parameters are listed and temperature 

measurement locations are identified. Measurements with the cooling system deterioration 

are chosen accordingly to simulate actual cooling system deterioration and their test setups 

are explained. 

 

4.1 Measuring arrangements 

Measurements are performed in the power electronics laboratory at LUT. The measurement 

setup is described in detail and collected parameters are given. Test equipment information 

is given, and important connections are explained. 

 

4.1.1  Test equipment and environment 

Drive equipment for the measurements are listed in Table 2. 
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Table 2 Drive information for DUT and load drives. Some equipment nominal values are informed 

inside brackets. 

Equipment  Catalogue name Other information 

DUT frequency 
converter 

ABB ACS880-01-169A-3 
Serial number 1160605006 (90 kW, 

169 A) 

DUT motor 
ABB IE3 M3BP 280MB 

IMB3/IM1001 

Three-phase delta connected 
induction motor (75 kW, 1486 rpm, 

133 A) 

Load frequency 
converter 

ABB ACS850-04-650A-5 
Serial number 1121603717 (355 

kW, 650 A) 

Load machine ABB M2BA 355MB 2 B3 
Three-phase star connected 
induction motor (315 kW, 

2978rpm, 319 A) 

 

 

The frequency converter (DUT) is dimensioned to be able to handle significant overloading 

of the motor. Therefore, maximum torque of 150 % was chosen to be a criterion. The DUT 

nominal current is 169 A and maximum current 247 A. Figure 4.1 represents the current 

during load sequence where 150 % torque is present. 

 

Figure 4.1 Current for motor nominal point is 137.6 A and 150 % load results in maximum of 201.7 A. 

 

The nominal current of the frequency converter is over 20 % higher than the nominal current 

of the motor, which is suitable because of heat transfer deterioration measurements done to 

the frequency converter and high ambient temperature of 45 °C in some measurements. In 
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addition, overloading of 150 % torque is allowed by the DUT. The installed DUT is 

illustrated in Figure 4.2.  

 

Figure 4.2 DUT located inside a calorimeter without covers. 

 

DUT drive was speed controlled and load drive was torque controlled. Therefore, the load 

machine acted as a controllable variable load where DUT changed the rotational speed 

according to a given reference. This results in the same rotational speed and torque for both 

drives during drive sequence. However, the nominal speeds differed, because the DUT motor 

had two-poles and the load machine four-poles, which is why the load machine speed was 

limited with control parameter to slightly over nominal speed of the DUT motor. This was 

the case because field weakening of the DUT drive was not used during measurements. In 

addition, torque was limited to suitable value because the load drive was significantly larger 

than DUT to avoid possible user error or control program fault, which may have resulted in 

equipment damage. DUT and load machines are represented in Figure 4.3. 



56 

 

 

Figure 4.3 The DUT motor (left side) and the load machine (right side) mounted on the floor with the 

shafts mechanically connected. 

 

Cooling air temperature (corresponds to ambient air temperature) was a measurement 

parameter. In addition, ambient temperature was kept constant during measurements because 

it affects heat transfer rate. Otherwise, the comparison between the measurements is not 

reliable if there was a lot of fluctuation in cooling air temperature. Cooling air temperature 

is referred as an ambient air temperature. Calorimeter was used for ambient temperature 

control. The frequency converter was installed and wired inside the calorimeter and all the 

rest of the equipment was assembled outside. The calorimeter was airtight, which prevented 

the air entering other routes than its inlet channel because the outlet fan created an under 

pressure inside the calorimeter. A separate heater inside the calorimeter’s inlet channel 

warmed the intake air to desired temperature. It was controlled with a LabVIEW control 

program by controlling the power of the heater. In addition, the calorimeter outlet had a fan, 

which was controlled to vary volumetric flow through the calorimeter. For the measurements 

the maximum temperature was limited to 45 °C. However, the electric heater power rating 

was too low to reach 45 °C and therefore an additional controllable heater was installed 

inside the calorimeter. A direct reference was given for the power control of the heater. The 

outlet fan speed was PID controlled and the outlet air temperature was its reference value. If 

the outlet temperature was too high, the fan speed was increased and vice versa. The inlet 

heater was also PID-controlled, which had inlet temperature as a reference and the reference 

was measured inside the inlet channel. However, the calorimeter control was slow because 

the it is primary used to define motor efficiency with high time constants. The calorimeter 
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control updated measurement and control values every 20 s, which was too slow during fast 

transients of drive control. Losses of the DUT may change rapidly and therefore ambient air 

temperature might have fluctuated significantly causing issues during measurements. 

Therefore, HMI was used to control the transients, which solved the issue. 

 

However, the outlet air temperature of the calorimeter was not used as an ambient reference 

for measurements. The control value for calorimeter was changed to be measured near inlet 

channel with PT100 because of the high temperature variations inside the chamber.  

 

The drives were controlled by LabVIEW programs. The interface window is shown in Figure 

4.4. 

 

Figure 4.4 LabVIEW interface window to control DUT and load machine. 

 

The interface window was used for external control for speed and load references for drives. 

In addition, their limits were set accordingly to protect the drives during testing and 

measurements. Necessary drive status and control words and selected debugging parameters 

were monitored. A text datafile was defined for drive control, which included timestamp [s], 

DUT speed [rpm], load drive torque [%] and modulation state (1 = ON and 0 = OFF). 

Modulation control was necessary, because there were no-load (no torque applied) losses 

even when speed was set to 0 rpm during cooling stage. Therefore, it was necessary to stop 

modulation to obtain the real cooling curve. Data transfer rate was 20 ms. Automatic control 

was enabled from interface window, which initiated the uploaded text datafile drive control. 

Data sampling time was controllable and in this case 1 s was chosen. Ethernet adapter FENA-
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21s were used to connect the drives and control computer. PROFINET IO DP-V1 

communication protocol was used to form reliable real-time communication between the 

devices and the DUT had two FENA-21 modules: one for LabVIEW control program 

communication and one for Drive Composer communication. 

 

Drive sequence was designed to have three different sections with different run-times: 

1) Start-up (step response stage) for 30 min 

2) Stop (cooling stage) for 40 min 

3) Dynamic operation (dynamic stage) for 22 min. 

Figure 4.5 represents the speed and torque sequence of the DUT. 

 

Figure 4.5 The measurement load sequence speed and torque. 

 

Start was designed as a step response where nominal speed and torque were applied after a 

short ramp for a long enough time to measured temperatures to settle. Therefore, the step 

response duration was designed according to the highest time constant deterioration 

measurement. The goal of the step response was to be able to calculate temperature rise ΔT 

and time constant values from recorded data. Cooling stage run-time is also designed to last 

until the measured temperatures were settled. The initial temperature of cooling stage was 

the same as the final value of step response. Both the speed and torque were reduced to zero 

from nominal values with a short ramp and the modulation was stopped. Stopping 
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modulation removes PEM losses because there is no longer current flow and therefore the 

final settled temperature was close to ambient temperature. Cooling stage took 10 min longer 

than step response because the longer settling time and therefore longer time constant. 

Dynamic stage was constructed to investigate how varying load conditions affects the 

measured temperatures. Different ramps and short overload were tested to investigate their 

effects to measured temperatures and how the difference between normal measurements and 

measurements with heat transfer deterioration could have be seen. Figure 4.4 illustrates the 

dynamic sequence but detailed information of it is presented in 5.2.3 Dynamic state analysis. 

 

The complete measurement setup is illustrated in Figure 4.6 and the equipment inside the 

calorimeter is presented left side of the figure. In addition, PT100 were installed inside the 

DUT assembly. Data from PT100 were collected to NI 9216 analog temperature input 

modules and data is sent from NI cDAQ-0184 with ethernet to computer (not included in 

Figure 4.6). Data flow is presented with blue lines and power flow with black lines.  

 

Figure 4.6 Measurement setup diagram. 

 

 

4.1.2  PT100 resistance thermometer installations 

Additional measurements were installed into the DUT assembly to verify its own 

temperatures and to analyze system temperature behaviors. In addition, they could be used 

to calculate thermal circuit parameters in heat transfer system, for example, thermal 
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impedances between measurement points. PT100 resistance thermometers were chosen for 

as a sensor type because the operation area from 25 °C to 120 °C of designed measurements 

and 4-wire configuration was used between the NI-9216 series temperature input module 

and terminal blocks outside the  frame of the frequency converter to negate measurement 

error caused by voltage drop of the wires. Between the terminal blocks and the sensors 

configuration is a 2-wire assembly. 2-wire PT100 sensors were easier to install inside the 

DUT assembly designed measurement points because of their smaller size compared to 4-

wire PT100 temperature sensors. The voltage drop of the 2-wire configuration parts were 

neglectable because of their short wire length. 

 

These additional temperature measurements were added to setup to verify frequency 

converters integrated temperature measurements and to assess if new measurements should 

be implemented to frequency converter assembly. Six PT100 resistance thermometers were 

installed into the frequency converter and the location of each sensor is represented in Figure 

4.7. 

 

Figure 4.7 PT100 measurement locations according to the list above. 5 and 6 measurement probes are 

inside the cooling duct. 

 

The measurement locations were as follows: 

1) IGBT module of phase U and heat sink junction point under the TIM film. The 

sensor was located directly under lower IGBT chip. 
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2) IGBT module of phase V and heat sink junction point under the TIM film. The 

sensor was located directly under lower IGBT chip. 

3) IGBT module of phase W and heat sink junction point under the TIM film. The 

sensor was located directly under lower IGBT chip. 

4) Outlet side on the surface of the heat sink next to the input bridge. 

5) Probe PT100 sensor on the inlet side of the frequency converter. The probe was 

measuring outlet air temperature. 

6) Probe PT100 sensor on the outlet side of the frequency converter. The probe was 

measuring outlet air temperature. 

 

The goal for the measurement points 1,2 and 3 were to be able to calculate the thermal 

resistances between chip junction point and heat sink. However, it was found out that only 

middle PEM (phase-V) had an internal NTC temperature measurement inside the module. 

Therefore, the other phase measurements were to define temperature differences between 

measurement points 1,2 and 3. In addition, other possible phenomena are searched, for 

example, relations between the measured temperatures. NTC measurement is located corner 

of the module and it is utilized to estimate chip junction point and case temperatures. PT100 

sensors for IGBT modules were dimensioned and gnawed directly under the IGBT chip. 

Thermal paste was used to compress the PT100 to its place and therefore it enabled a good 

contact between the heat sink and TIM-film. Air pocket would increase the thermal 

resistance resulting in inaccurate thermal measurement. Measurement 4 was added to 

measure temperature at the end of heat sink and its behavior during load sequence. 

Measurement point 5 was inlet temperature measurement, which was located in the middle 

of the channel. It is used to compare frequency converters own measured ambient 

temperature. The ambient temperature was controlled according to PT100 measurement 5. 

Measurement 6 was for outlet air temperature, which can be used to estimate losses of the 

system when inlet air temperature and estimate of an airflow volume is known. In addition, 

it is used to find temperature phenomena between measurements. Both measurements 5 and 

6 were installed so there is no direct contact to surfaces nearby, which could have interfered 

the air temperature measurements. Installed measurements 1, 2, 3 and 4 are shown on the 

heat sink in Figure 4.8 where some of the components are removed. 
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Figure 4.8 PT100 measurements installed to heat sink. Points correspond to Figure 4.7. 

 

4.1.3  Measured parameters 

There were multiple measurement devices, which parameters are recorded: DUT drive, load 

drive and PT100 measurements. All defined parameters were recorded in to the same Excel-

file. However, complete set of parameters were not found, which were designed to be 

measured. Important ones missing were phase-U and phase-W IGBT module temperature 

measurement parameters. Therefore, they were not recorded. However, in the case of future 

researches, they should be in the case of frequency converter’s heat transfer studies. 

 

In the case of the DUT, key electrical, temperature, loading and status parameters were 

recorded. Electrical values were recorded for possible loss calculations and to check their 

values in the case of unexpected behavior. Different status and control words were recorded 

for possible fault tracing. All DUT’s measured and estimated temperatures were collected 

for the analysis. Fan speed was recorded. Some of the parameters required service level 

access. In addition, Junction and case temperature parameters required an additional Drive 

Composer program to record the parameters. 47 Data storage parameters were used to 

transfer them to control program. Recorded DUT parameters are listed in Table 3. 
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Table 3 Parameters collected from DUT ACS880-01 frequency converter. Service level parameter 

numbers are not shown. 

Name/Value Scale 

01.01 Motor Speed 1 = 1 rpm 

01.06 Output Frequency 1 = 1 Hz 

01.07 Motor current 1 = 1 A 

01.10 Motor Torque 1 = 1 % 

01.11 DC Voltage 1 = 1 kW 

01.14 Output Power 1 = 1 V 

01.21 Current phase U RMS 100 = 1 A 

01.22 Current phase V RMS 100 = 1 A 

01.23 Current phase W RMS 100 = 1 A 

01.31 Ambient Temperature 1 = 1 °C 

IGBT Phase V temperature - 

Control Board Temperature - 

Switching frequency - 

Fan Speed Reference - 

Fan Speed Actual - 

User Fan Reference - 

IGBT junction temperature Tj - 

IGBT module case temperature Tc - 

 

User fan speed reference parameter was used to control the fan speed directly via the Drive 

Composer. The Scale in Table 2 describes the resolution of the imported parameters. The 

NTC measurement inside the V-phase module has a lower limit of 34 °C. This complicates 

the measurement analysis of 25 °C ambient measurements, because the NTC measurement 

is used to estimate Tj and Tc. This must be considered in the analysis of start-up and cooling 

stages because full curves cannot be recorded for these parameters. For this reason, PT100 

IGBT module junction temperature measurements are used instead of the frequency 

converter parameters in some analyses. 

 

Parameter values can differ between firmware versions, which is why Table 2 values might 

change between devices. In this case, ACS880-01 firmware name was AINF6 and the 

version is 2.31.0.0. In addition, some other useful parameters can be found in other devices, 

which should be recorded if similar measurements are done. For example, phase-U and 

phase-W IGBT module temperature measurements can be found in larger power frequency 

converters. 
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The PT100 measurements were recorded into the same Excel-file as DUT and load drive 

parameters. Figure 4.5 illustrates the positions of the measurements. In addition, some 

calorimeter temperatures were recorded in the same file. However, they were plotted for 

monitoring purposes during measurements. The PT100 measurements are listed in Table 4. 

 

Table 4 Measured PT100 measurements. Numbers correspond to Figure 4.5. 

Number Position What is measured 

1 IGBT Phase U under PEM*  Junction temperature of PEM and heat sink 

2 IGBT Phase V under PEM  Junction temperature of PEM and heat sink 

3 IGBT Phase W under PEM  Junction temperature of PEM and heat sink 

4 End of the heat sink on the surface Heat sink end temperature 

5 Inlet side of the air duct Inlet air temperature before capacitor bank 

6 Outlet side of the air duct Outlet air temperature after heat sink 

* PEM, Power electronic module 

 

4.1.4  Measurement identifications 

Measurements for the research were designed to simulate heat transfer deterioration or 

changes in different cases in real drive systems. Initially four identified measurement 

parameters were selected, but later two additional parameters were added to the 

measurement plan. Ambient temperature was one of the identified measurement parameters. 

Ambient temperatures for measurements were selected to be 25 °C, 35 °C and 45 °C. 45 °C 

ambient temperature exceeded the specified operation temperature limit which was 40 °C 

resulting in a current derating factor. However, it did not limit the performance of the 

frequency converter during measurements. Ambient temperature affected the heat transfer, 

component losses, switching temperature and fan speed and therefore it is included as a 

parameter for the measurements. The chosen temperatures cover environment in real 

installations. 

 

Two different cases of heat transfer deterioration were designed for the measurements, which 

presented 50 % and 75 % deterioration rates. Large ratios were chosen to have notable 

differences between normal condition results and measurement results with heat transfer 

deterioration. Too low ratios could lead to no differences, which is not desirable result. 

Additionally, the heat transfer is often over dimensioned to prevent excessive heating when 

heat transfer has deteriorated a little, for example, from slight dirt accumulation on the heat 

sink or filters. Identified heat transfer deterioration parameters were: 
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1) Fan speed, which simulated fan related issue. 

2) Outlet blockage, which simulated outlet filter dirt accumulation. 

3) Inlet blockage, which simulated inlet filter dirt accumulation. 

4) Heat sink fin blockage, which simulated fin surface dirt accumulation. 

5) TIM-film removal, which simulated thermal interface material film deterioration 

or thermal grease deterioration. 

Deterioration rates were directly used to change the identified parameter. For example, 50 

% deterioration to fan speed resulted in 50 % fan speed from original value and 50 % 

deterioration to inlet resulted in 50 % reduced inlet area. The only exception was the TIM-

film measurements where there was one case where the TIM-film was completely removed. 

There were also normal case measurements with every chosen ambient temperature, which 

were used as references to deterioration measurements. Table 5 presents the measurement 

plan. 

 

Table 5 Measurement plan for heat transfer deterioration measurements. Number presents the 

measurements ID-number. In addition, three normal case measurements are conducted with 

each ambient temperature. 

Measurement Deterioration rate 50 %  Deterioration rate 75 %  Removal 

Ambient 25°C     

Outlet Blockage 1 2 - 

Inlet Blockage 3 4 - 

Heat sink Blockage 5 6 - 

Fan speed reduction 7 8 - 

TIM-film removal - - 9 

Ambient 35°C       

Outlet Blockage 10 11 - 

Inlet Blockage 12 13 - 

Heat sink Blockage 14 15 - 

Fan speed reduction 16 17 - 

TIM-film removal - - 18 

Ambient 45°C       

Outlet Blockage 19 20 - 

Inlet Blockage 21 22 - 

Heat sink Blockage 23 24 - 

Fan speed reduction 25 26 - 

TIM-film removal - - 27 
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30 measurements in total were performed. 27 were measurements with heat transfer 

deterioration performance and three are normal case measurements for each ambient 

temperature. Measurements with heat transfer performance deterioration were conducted 

independently. Therefore, crosstalk effect between identified measurements were not 

determined. 

 

There were multiple targets with the measurement plan: 

1) Find the amplitude of effect of each identified measurement. 

2) How much the normal, 50 % and 75 % deterioration differ from each other? 

3) Can a fault be identified with frequency converter measurements? 

4) Should additional measurements be implemented to frequency converter to improve 

its self-diagnostics. 

These goals are examined for each drive sequence section. In addition, other possible 

phenomena are searched to identify heat transfer deterioration of a device. 

 

4.1.5  Setups for measurements with weakened heat transfer 

Straightforward approach was taken how the deterioration ratio effects the system. 

Deteriorate ratio was chosen to describe directly how large is the deterioration. For example, 

50 % fan deterioration reduced the fan speed by 50 % and 50 % deterioration for inlet 

blockage reduced the inlet area 50 %. Same logic was used for the rest of the measurement 

setups.  

 

Fan speed deterioration measurements was performed by directly controlling user fan 

reference parameter. In normal operation, the fan speed was proportional to the estimated 

junction temperature with a short lag. In the case of constant junction temperature, the fan 

speed was directly proportional to the junction temperature. If IGBT junction temperature 

increases to maximum limit, user fan reference control is switched off and normal fan control 

is switched on. However, this did not cause issues during measurements. Control was 

performed directly with Drive Composer. The fan speed during no modulation was 40 % 

and during standby (modulation on) it was 45 %. However, after 80 °C junction temperature 

Tj the fan speed begins to increase with the temperature. 
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In the case of 50 % deterioration, the fan speed was reduced to 20 % while there was 

modulation from original 40 % fan speed. For the start-up and dynamic stage, a constant fan 

reference was given at 200 s, which is chosen according to steady state value of at the end 

of the start-up. For example, if at the end of step response the fan speed was 46 %, then at 

50 % deterioration the corresponding fan speed was set to 23 % from the 200 s until the start-

up stage ends. The same reduced fan speed value was used during dynamic stage. 

Constructing a separate dynamic control for the fan speed was determined to be unnecessary. 

Figure 4.9 represents drive sequence torque and corresponding fan speeds during normal 

case and fan speed deterioration operations in 25 °C ambient temperature. The same logic 

was used with other ambient temperature measurements and the reduced fan speeds were 

chosen from the normal case measurements from their corresponding ambient temperatures. 

 

Figure 4.9 Normal fan speed (blue) and Drive composer controlled 50 % reduced fan speed (red). 

 

Outlet deterioration measurements reduced the outlet surface area by 50 % and 75 % for 

each predefined ambient temperature. The measurements simulated accumulated dirt in the 

filter. The surface area was reduced according to the deterioration ratio. Two metal sheets 

were designed and cut to block the outlet airflow of the frequency converter; one for the 50 
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% coverage and another for the 75 % coverage. Both were drawn with AutoCAD and 

produced with laser cutter. The designed sheets are shown in Figure 4.10. 

 

Figure 4.10 50 % outlet coverage sheet (upper sheet) and 75 % outlet coverage sheet (lower sheet). 

 

Plates were dimensioned to block the converter outlet filter openings according to 

deterioration ratio. The openings were distributed evenly on 50 % deterioration ratio and in 

the case of 75 % they were located more at the centre of the duct filter. Openings were 

designed in the same way as the frequency converter coverage plate’s metal patterns already 

located at the outlet. The sheets were attached to outlet filter with cable ties to keep them 

steady during the measurements. Figure 4.11 presents the 50 % deterioration sheet attached 

to outlet. 

 

Figure 4.11 50 % coverage sheet attached to the outlet. 
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Measurements to emulate inlet deterioration were designed with the same logic as the outlet 

sheets. Inlet surface area was reduced by 50 % and 75 % depending on the measurement. 

Two metal sheets were designed and laser cut. Both were designed with AutoCAD. The inlet 

was round-shaped and therefore the sheets were designed in the same shape. Openings of 

the sheet were distributed evenly on the sheet in 50 % deterioration ratio. In the case of 75 

% deterioration ratio, the openings were halved from the 50 % sheet design. The halved 

openings were distributed evenly to each side of the sheet. The sheet designs are illustrated 

in Figure 4.12. 

 

 

Figure 4.12 50 % deterioration sheet (left) and 75 % deterioration sheet (right). 

 

Inlet side had a metal coverage to protect the fan, which was located before the entrance of 

the cooling channel. Designed metal sheets were attached to the metal coverage instead of 

directly attaching to inlet channel. Cooling fan was located directly at the beginning of the 

inlet channel, which was why there could be a risk of placing a metal sheet directly at the 

entrance. The sheets were attached with cable ties to the inlet coverage. Aluminium tape was 

used to cover the sides of the inlet coverage to prevent air flowing through the sides. The 

measurement setup of 50 % deterioration ratio measurement is presented at Figure 4.13. 
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Figure 4.13 50 % coverage sheet attached to the inlet. 

 

Heat sink deterioration reduced the airflow through the fins, which resulted in a reduced heat 

transfer surface area. Blocking the airflow between the fins was troublesome, because the 

air channels between the fins were narrow and there were 54 fin channels. The Initial idea 

was to just block the start and the end of the fin channels. However, the cooling air had a 

capability to flow in to some extent thought the fins, since there was a small gap under the 

heat sink fins. Therefore, in addition of blocking the start and the end of the fins, the full 

length of the channel was blocked. Therefore, there was no airflow in the blocked heat sink 

fin channels. Weather stripping was used at the start and the end of the channel, because it 

tightly blocked the channel. However, high heat sink temperature shrank the weather 

stripping and therefore aluminium tape was added to prevent them falling. Thin pipe cleaners 

were utilized for the channel length. However, there were not enough pipe cleaners for 75 

% measurement and therefore weather stripping was utilized for the rest of the channels. 

Setup was tested with high fan speed and the assembly remained intact. Clean heat sink is 

represented in Figure 4.14. 
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Figure 4.14 Heat sink before installed blockages. 

 

Figure 4.15 represents the 50 % deterioration and Figure 4.16 75 % deterioration 

measurement setup. 

 

 

Figure 4.15 Heat sink with 50 % of the channels blocked. 
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Figure 4.16 Heat sink with 75 % of the channels blocked. 

 

Red lines between the fins are the pipe cleaners. Black lines between fins are the weather 

stripping. Every second channel were blocked in 50 % deterioration measurements and in 

75 % deterioration measurement every three quarters were blocked. 

 

One of the TIM-films was removed in the TIM-film measurements. The TIM-film was 

removed from the middle PEM, which corresponded to phase-V. The phase-V PEM was 

chosen, because its temperature was the highest and the internal module NTC measurement 

is only located inside it. To ensure impaired contact with the heat sink, the tightening torque 

of the fastening screws were reduced from preferred 3 Nm to 2.5 Nm. Figure 4.17 presents 

the junction surface with and without TIM film. 

 

Figure 4.17 The TIM-film on the surface of the heat sink (left) and then removed (right). 
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Partial removal or breaking of the TIM-film were considered, but only the complete removal 

was chosen. The extreme temperature increase caused by TIM-film deterioration was the 

target of the measurements. 
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5 MEASUREMENT RESULTS AND ANALYSIS 

30 measurements were done and recorded successfully. Raw data is not showcased in table 

form in the work, but the key findings are presented, and some measurement results are 

visualized. However, all Excel-files containing the measurement results are sent to ABB. A 

couple of measurements were repeated, and no significant differences were found. DUT was 

disassembled and reassembled multiple times, which could have affected the results and 

therefore some measurements were reproduced. 

 

Measurement results and analysis are divided into overall findings and findings from each 

drive sequence section. The drive sequence is divided into start-up, stopping (cooling) and 

dynamic stages, which can be seen in Figure 5.1. Corresponding DUT drive sequence can 

be seen in Figure 4.5 with the speed and torque reference. 

 

Figure 5.1 Example temperature measurement results divided into different stages. 

 

PT100 and frequency converters temperature measurements are used in calculations. In 

some cases, PT100 measurements are used because frequency converters internal 

measurement inside phase-V IGBT module has lower temperature limit of 34 °C. Therefore, 

full heating and cooling curves cannot be recorded in 25 °C ambient temperatures. Default 

condition measurements are referred as normal case measurements. 
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5.1 General observations about the results 

All the measurements were performed and recorded successfully. Operation temperatures 

and heat transfer time constants increased significantly between normal condition 

measurement results and measurements with heat transfer deterioration. Heat transfer 

behaves as a first order system with multiple time constants and gains, which can be defined. 

Especially, fan speed, heat sink and inlet deterioration measurements affected the heat 

transfer system operation.   

 

IGBT chip junction temperature maximum was not exceeded during measurements and 

therefore applied torque and therefore current was not limited. However, it was reached in 

test measurements, which were done during measurement preparations. The motor was 

driven with constant 150 % torque. After some time, an excessive temperature is detected 

and motor speed is reduced by 5 %. Converter tested, if torque could be reduced by reducing 

the motor speed. However, the load is constant negative torque driven and therefore the 

torque is not reduced. In addition, parameter 30.02 torque limit status word was set to bit 8 

(corresponds to thermal limit) periodically after this point. When temperature limit is 

reached, bit 4 (corresponds to internal current limit) is set on in addition to bit 8. Since the 

torque is now reduced, the motor speed begins to decrease until zero speed is reached. After 

this the drive is kept steady at zero speed with DC supply, which heats up the IGBT modules 

significantly. After this point the test sequence is stopped manually to avoid excessive 

temperatures of the IGBT’s. Figure 5.2 represents a motor loading and Figure 5.3 represents 

Tj and RMS current. 
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Figure 5.2 Overload test torque and speed (actual and reference). Load torque is manually stopped at the 

end of the sequence. 

 

Figure 5.3 Tj temperature and RMS current of the DUT. Exact Tj values are hidden since they are sensitive 

information. 

 

Torque limit status word is shown in Figure 5.4. Decimal value of 256 corresponds to a bit 

8 and 272 to bits 4 and 8. 

150 200 250 300 350 400 450
0

50

100

150

 

 

X: 456.4

Y: 145.3

DUT drive overload test

T
o
rq

u
e
 [

%
]

Time [s]

X: 472.4

Y: 135.3

DUT torque

150 200 250 300 350 400 450
0

500

1000

1500

 

 

X: 327.4

Y: 1487

M
o
to

r 
s
p
e
e
d
 [

rp
m

]

Time [s]

X: 361.4

Y: 1415

X: 456.4

Y: 1414

Actual speed

Speed reference



77 

 

 

Figure 5.4 30.2 torque limit status word parameter behavior. 

 

The maximum temperature limit was not exceeded during identified measurements. The 

highest values were reached during measurements with lowered fan speed, partly blocked 

inlet and partly blocked heat sink at 45 °C ambient temperature and the maximum 

temperatures were near limit. In the case of fan speed deterioration, the user fan reference 

parameter was not turned off. Therefore, measurements are comparable between each other 

and there was no need to redesign the planned measurements or the drive sequence. 

 

Next basic observations were made from test measurements and actual measurements: 

1) Fan speed reference and switching frequency were dependent on Tj. 

2) Switching frequency was also dependent on motor speed; the higher the motor speed 

was, the lower switching frequency was used. The fan speed had a short control 

delay. 

3) When Tj is below 80 °C, the fan speed reference was 45 % expect that during no-

modulation it is 40 %. In addition, the switching frequency was at the same 

temperature limit 3.4 kHz in motor’s nominal operation point. 

4) Internal drive measurement on module phase-V had a lower limit of 34 °C. 

Switching frequency and fan speed were not constant during the measurements, which 

resulted in additional dynamics to heat transfer. Therefore, switching frequency and fan 

speed are also analysed during different drive sequence stages. Internal drive measurement 

inside IGBT module temperature had a lower limit of 34 °C, which also affected estimated 

Tj and Tc. Therefore, full heating and cooling curves could not be recorded in 25 °C ambient 
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temperature with frequency converter’s internal IGBT measurement related parameters. 

However, PT100 measurements recorded the full curve characteristics and therefore they are 

used often for the analyses. 

 

Temperatures between each IGBT module and heat sink were measured (Table 4). The 

middle IGBT module (phase-V) had the highest temperatures during operation because of 

the adjacent phase-U and phase-W IGBT modules. Temperatures of the adjacent modules 

were almost the same since they had identical losses and heat transfer properties, and this 

resulted in them to be around 2.5 °C cooler compared to phase-V module. Therefore, 

monitoring the phase-V module is recommended since it reached the highest temperatures 

out of all modules and it is used to compare measurement results. 

 

There were couple of sensory perceptions done during the measurements, which were related 

to fan operation. The fan noise significantly increased when the fan inlet was partly blocked. 

With the 75 % deteriorating rate the fan had varying frequency noise, which was a result of 

insufficient air going through the cooling fan. Overall fan noise increase was noticeable in 

other severe deterioration measurements, for example, heat sink deterioration measurements. 

This was a result of higher fan speed during operation because the fan speed depends on the 

operation temperature. In addition, heat sink blockage increased air flow resistance, which 

changed fan operation point. 

 

5.2  Start-up stage analysis (step response) 

The first section of the drive sequence was the start-up, which had designed run-time of 30 

min. Nominal torque and nominal speed were given for the DUT with a 6 s ramp time and 

the loading parameters were kept the same during the whole section. Therefore, the start-up 

can be modelled as a step response. The target is to determine heat transfer’s time constant 

and temperature rise ΔT from the measurements. These values are compared between normal 

and heat transfer deterioration measurements. In addition, other temperature phenomena are 

discussed, and their importance is investigated. The calculations are done with PT100 

temperature measurement 2. IGBT phase-V (Table 4), because the internal drive temperature 

measurement inside the module has a lower limit of 34 °C. However, the PT100 

measurements are compared with Tj. 
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The Time constants and temperature rises for PT100 IGBT phase-V measurement (Table 4 

measurement 2) are calculated from the stored data and they are given in Table 5. 

 

Table 6 Measurement time constants, temperature rise, fan speeds and switching frequency. Fan speed 

and switching frequency are the steady-state values. *-marked values are hand-controlled 

values. Appendix 3 lists the results in all ambient temperatures.  

Measurements at 25 °C 
ambient 

Time constant 
[s] 

Temperature 
rise ΔT [°C] 

Fan speed 
[%] 

Switching frequency 
[Hz] 

Normal case 115 36.2 47 3270 

Outlet 50% 130 38.4 49 3110 

Outlet 75% 141 42.3 52 2890 

Heat sink 50% 150 44.6 55 2730 

Heat sink 75% 204 57.3 67 1980 

Fan speed 50% 172 46.4 23* 2620 

Fan speed 75% 222 58.0 12* 1920 

Inlet 50% 133 40.3 51 3000 

Inlet 75% 204 59.5 68 1810 

TIM-film removal 87 33.5 53 2810 

 

Figures for the key measured PT100 measurements are found in Appendix 4 at 25 °C 

ambient temperature. Calculated values from Table 6 shows a significant difference between 

normal condition measurement results and measurement results with heat transfer 

deterioration. The most significant parameters to increase operation temperatures are fan 

speed, heat sink and inlet deteriorate ratios. However, outlet deterioration and TIM-film 

removal also have significant difference to normal case measurement. Temperature 

differences can be arranged from highest to lowest in the case of 75 % deterioration ratio 

(calculated from Table 6): 

1) Inlet deterioration with 23.3 °C (= 59.5 °C – 36.2 °C) increase to normal case 

temperature 

2) Fan speed deterioration with 21.8 °C increase to normal case temperature 

3) Heat sink deterioration with 21.1 °C increase to normal case temperature 

4) Outlet deterioration with 6.1 °C increase to normal case temperature 

5) TIM-film removal with 3.7 °C decrease to normal case temperature 

TIM-film removal behaves differently than other temperature measurements. However, this 

can be easily explained with the PT100 measurement location; The measurement sensor was 

located just under the TIM-film, which was removed. Therefore, the thermal resistance is 

increased prior to the PT100 measurement point, which results in lower temperatures under 
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the IGBT module junction point. However, the IGBT module temperature is increased 

significantly, which can be seen in Tj results. Time constants of the step response increase 

close to same rate as temperature rise ΔT, which can be explained with their relation in 

equation (23). When the system thermal resistance Rth increases, the time constant τ increases 

directly proportional if the thermal heat capacity Cth remains constant. 

 

There are differences in the behavior of deterioration ratios between the identified 

measurements. Figure 5.5 represents the temperature rises ΔT in respect to deterioration 

ratios from Table 6. 

 

Figure 5.5 Temperature rise ΔT values from Table 6. 

 

Since only three different points are known, the exact behavior of each heat transfer 

deteriorate measurement is uncertain. However, the fan and heat sink measurements show 

fairly linear behavior between 0 % and 75 % deterioration ratios. Therefore, the fan speed 

reduction and blocked heat sink increase the temperatures already at lower deterioration 

ratios. According to approximated fan laws, the rotational speed of the fan is directly 

proportional to volumetric flow, which explains the nearly linear behavior. Inlet 

deterioration measurements show more exponential behavior, which is highly noticeable in 

Figure 5.3. Outlet blockage is near linear between measurement interval, but the effect 

becomes exponential when the fan transfers into unstable operation area, when system air 

flow resistance increases too high. 
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Fan speed and switching frequency 

Fan speed and switching frequency steady state values are given in Table 5 and there is large 

fluctuation in both parameters. Figure 5.6 presents the relation between the switching 

frequency and the cooling fan speed in steady state in respect of PT100 IGBT phase-V 

measurement. 

 

Figure 5.6 Cooling fan speed and switching frequency as a function of temperature in steady state. 

 

Switching frequency and fan speed can be used as an indicator to estimate the cooling 

condition state because normal case values differ significantly from weakened heat transfer 

values. An issue with this approach is a short control delay, which complicates the possible 

monitoring of these parameters. Moreover, switching frequency is dependent on motor 

speed. The switching frequency and the cooling fan speed are directly proportional to Tj 

(constant slope) and therefore monitoring Tj would be preferable. Switching frequency also 

varies with motor speed, which complicates the switching frequency monitoring for heat 

transfer deterioration detection. Figure 5.7 represents an example of torque and Tj and Figure 

5.8 switching frequency and fan speed behavior during heat sink deterioration measurement. 

75 % deterioration in 35 °C ambient temperature is tested. 
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Figure 5.7 Load sequence and Tj during load sequence. Tj 80 °C is marked. 

 

Figure 5.8 Switching frequency and fan speed behavior. The dynamic control begins at the tagged points 

(Tj around 80 °C). Appendix 3 includes every measurement’s steady state switching 

frequencies during the start-up. 

 

Outlet air temperature behaviour  

PT100 outlet measurement was used to define the behavior of the cooling air temperature 

during a drive sequence. In addition, the measurement could be used for heat transfer system 

modelling. The losses of the system could also be defined when the air volume, ambient air 

temperature and outlet temperature are known. The outlet temperature and IGBT phase-V 
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values behaved similarly overall. However, there were some notable differences between 

them, and the effects varied between the identified measurements. Temperature differences 

between normal and measurements with 75 % deterioration of the DUT in the case of IGBT 

phase-V and outlet air temperatures are given in Table 7. 

 

Table 7 PT100-measured temperatures at the end of the start-up and their differences. Normal case 

temperature for IGBT phase-V temperature is 61 °C and outlet temperature is 45 °C, which 

are used to calculate the differences.  

Measurement 
75 % deterioration Difference compared to normal case 

IGBT phase-V Outlet air IGBT phase-V Outlet air 

Outlet 67.3 °C 61 °C 6.3 °C 16 °C 

Heat sink 82.3 °C 51.6 °C 21.3 °C 6.6 °C 

Fan 83 °C 78.9 °C 22 °C 33.9 °C 

Inlet 84.4 °C 77.7 °C 23.4 °C 32.7 °C 

 

Outlet, fan and heat sink deterioration show significantly higher temperature at outlet than 

in IGBT phase-V. Temperature differences between the two measured temperatures are 

around 10 °C. Therefore, by measuring outlet air temperature, the heat transfer deterioration 

is easier to detect. However, heat sink deterioration shows significantly lower temperature 

increase to outlet air temperature, and therefore it can be identified with IGBT phase-V and 

outlet air measurements. In the case of TIM-removal, both temperatures decrease. However, 

when using temperature internal measurement Tj increases and outlet air temperature 

decreases slightly unlike other measurements. Appendix 4 represents the measured PT100 

IGBT phase-V, outlet and heat sink end measurements. The reason for outlet, heat sink and 

inlet behavior are the reduced air velocities and therefore reduced volumetric flows. When 

less air with slower velocity travels through the fins, the cooling air temperature increases 

more. However, the heat sink blockage reduces the effective heat transfer surface area and 

therefore the cooling air heats up less. Heat sink end measurement showed similar behavior 

as the outlet air. However, there is no outlet air temperature measurement implemented in 

DUT assembly and therefore implementing it could be considered for remote condition 

monitoring purposes. 

 

Ambient temperature effects on DUT heat transfer 

Ambient air temperature effects on the heat transfer system are investigated to evaluate how 

it affects the measured temperatures. The ambient air condition varies depending on 
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installation. Ambient temperatures of 25 °C, 35 °C and 45 °C were chosen for tests since the 

real operation temperatures are often in that range. The ambient air temperature was 

controlled and kept stable with calorimeter control and the reference ambient temperature 

was taken from PT100 inlet temperature measurement. If other heat transfer parameters and 

losses stay constant, the ambient temperature increases the operation temperatures of the 

components the same amount. For example, about 10 °C ambient temperature increase is 

translated into 10 °C temperature increase to IGBT module. System gain and time constant 

are constant in standardized conditions even when ambient temperature varies. However, 

this is not the case in designed measurements. Fan speed is dependent of the Tj, which results 

in a higher fan speeds when the ambient air temperature is increased. Therefore, the thermal 

resistance of the heat sink changes. In addition, there is variations in the component losses. 

Switching frequency is dependent on Tj and lowering it decreases the IGBT switching losses. 

Operation temperature of the power electronics affects also the resistive losses of the 

components. Appendix 3 shows the ambient temperature effects on the time constant, 

temperature rise ΔT, switching frequency and cooling fan speed. Higher ambient 

temperatures have significant effects on the heat transfer system values. Temperature rise 

ΔT and time constant decrease when ambient temperature is increased. temperature rise ΔT 

values are listed in Table 8. 

 

Table 8 Heat transfer temperature rises for different ambient temperatures for PT100 IGBT phase-V 

measurements. 

Measurement 

Temperature rise ΔT 
in 25 °C ambient 
temperature [°C] 

Temperature rise ΔT 
in 35 °C ambient 
temperature [°C] 

Temperature rise ΔT 
in 45 °C ambient 
temperature [°C] 

Normal case 36.2 33.9 32.6 

Outlet 50 % 38.4 35.6 33.0 

Outlet 75 % 42.3 38.9 36.4 

Heat sink 50 % 44.6 41.7 39.0 

Heat sink 75 % 57.3 53.7 50.8 

Fan speed 50% 46.4 43.4 41.1 

Fan speed 75 % 58.0 55.0 54.4 

Inlet 50 % 40.3 37.0 34.3 

Inlet 75 % 59.5 56.0 53.2 

 

Table 8 shows significant decrease in temperature rise ΔT values when the ambient 

temperatures are increased. Therefore, a 10 °C ambient temperature increase results in less 
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than 10 °C increase in IGBT phase-V measurements. In average, the measured temperature 

increases by 8 °C when the ambient temperature is increased from 25 °C to 35 °C and 7.5 °C 

when the ambient temperature is increased from 35 °C to 45 °C (fan speed 50% and 75 % is 

removed as an outliner from average calculation because the fan speed is locked). 

 

However, the time constant is behaving differently as a function of ambient temperature. 

The time constant is affected by the varying fan speed and switching frequency control when 

the junction temperature Tj is above 80 °C. In the case of 25 °C ambient temperature 

measurements, the time constants are high because the fan speed and switching frequency 

control are initiated late in the time step. However, when the ambient temperatures are 35 

°C and 45 °C the time constants are significantly smaller, because the switching frequency 

and the fan control changes are larger. Therefore, 35 °C and 45 °C ambient measurement 

time constants also differ significantly less. Appendix 3 reports the time constants in 

different ambient temperatures. 

 

Detecting heat transfer deterioration during start-up 

The thermal circuit of the frequency converter has multiple different parts in the heat transfer 

system. Therefore, heat transfer system has multiple thermal impedances (example Figure 

3.5). The heat transfer system in this case contains two major time constants. The shorter 

time constant is related to the IGBT module thermal impedances and the longer time constant 

from the heat sink thermal impedance. Therefore, inlet, outlet, heat sink or fan deterioration 

affects in slower time constant and TIM-film removal affects the fast time constant. 

However, the total determined time constant is used in calculations. 

 

In the case of inlet, outlet, heat sink or fan speed deterioration measurements, the difference 

between the normal and heat transfer deterioration measurements begins around 1.5 min and 

after that point the difference accelerates. Figure 5.9 illustrates PT100 measurement IGBT 

phase-V temperatures in outlet or heat sink deterioration cases, but all measurements are 

reported in Appendix 4. 
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Figure 5.9 Difference between the measurements begins around at 1 min 30 s (marked). Ambient 

temperature is 25 °C. 

 

Heat sink deterioration has a higher effect on the heat transfer than the air-flow outlet 

deterioration and therefore there is a large difference between the measured temperatures. If 

the start-up time is long enough and constant speed and torque are applied the heat transfer 

could be detected as seen in Figure 5.9. In addition, the longer these conditions are met, the 

easier it is to detect the deterioration. If the temperatures are close to steady state, the gains 

and time constants which are calculated in Table 6 are reached. For precise system modelling 

during whole start-up, both short and long time constants and their respective gains are 

required. 

 

Frequency converter parameter Tj compared to PT100 IGBT phase-V measurement 

So far analyses are done by utilizing the PT100 measurements. The issue with the internal 

measurements of the frequency converters is the IGBT module measurement lower limit of 

34 °C, which is complicating the analysis at 25 °C ambient temperature. However, they are 

compared to have an idea how much the different measurement points differ. The 

fundamental temperature behavior of both measurement locations was the same expect in 

the case of TIM-film removal measurements. Internal drive measurement inside the IGBT 

module was located at the corner of the module. The measurement was used to estimate Tj 

and Tc. The Tj parameter is used as a comparison to PT100 IGBT phase-V measurement. 
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There were differences when comparing the time constant and temperature rise ΔT values 

increase when comparing the normal case and heat transfer deterioration measurements with 

PT100 IGBT phase-V and Tj measurements. Tj had around 10 % lower gain increase 

compared to IGBT phase-V measurement during a step response when normal case and heat 

transfer deterioration measurements are compared. The difference is fairly stable in all 

measurements, which is probably a result of the way Tj is estimated from the NTC 

measurement of the module. However, the NTC temperature measurement result was almost 

the same as the IGBT phase-V measurement, but the accuracy of the NTC measurement is 

1 °C. Since the temperature rise ΔT increase is lower when monitoring Tj, the heat transfer 

deterioration is harder to detect than with PT100 IGBT phase-V measurement. 

 

The longer time constant is slightly shorter in the case of Tj when compared to PT100 IGBT 

phase-V measurement. However, the shorter time constant is not affected. Figure 5.10 

represents the outlet and heat sink heat transfer deterioration measurements using Tj 

parameter. 

 

 

Figure 5.10 Start-up plotted with Tj. Ambient temperature is 25 °C. 

 

Figure 5.9 and Figure 5.10 can be compared (y-axis limits differ) and the difference between 

a normal case and heat transfer deterioration measurements begin to accelerate around at the 

same point (marked in Figure 5.10). However, since the gain increase is around 10 % lower, 

the differences between the normal and heat transfer deterioration measurements are slightly 

lower compared to PT100 IGBT phase-V measurement. Figure 5.10 begins at 34 °C because 
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of the NTC lower limit of 34 °C and there is a fast temperature increase during the 

acceleration ramp. Frequency converter IGBT module parameters are given in Appendix 5. 

 

Using PT100 IGBT phase-V measurement to detect deterioration is misleading. The 

measurement detected a temperature decrease when comparing normal case to TIM-film 

removal measurements. However, Tj measurement showed a significant increase in the 

module temperature when the TIM-film was removed. In addition, the TIM-film removal 

affected the shorter time constant, which results in significant temperature increase at the 

beginning of the start-up unlike other measurements. Figure 5.11 illustrates the Tj during 

start up in the case of TIM-film removal. 

 

 

Figure 5.11 TIM-film removal. 1 min 30 s after the start-up the temperature difference is 11.2 °C. 

 

Since the TIM-film removal affected the measured temperatures differently than other 

measurements, the TIM-film deterioration could be identified with Tj measurement. The 

same effect is present also when using thermal grease and therefore the phenomenon is not 

only limited to TIM-film as thermal substrate between heat sink and IGBT module. In 

addition, other heat transfer deterioration effects on module, for example, severe 

delamination could be found this way. 
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5.3  Cooling stage analysis 

The second section of the load sequence was a cooling stage, which took place after initial 

start-up and it had run-time of 45 min. A longer run-time was selected compared to start-up 

because of the longer time constant of the cooling stage. Initial temperature for each 

measurement was defined by the final temperature of the start-up. Therefore, all 

measurements started at a different initial temperature. Again, 6 s ramp was used to stop the 

DUT from nominal load point to zero speed and torque. Modulation was stopped 

immediately to stop the current flow though the modules and therefore the losses of the 

IGBT modules are reduced to zero. Fan speed was not constant during the cooling and it 

slowed down to 40 % speed from initial value dependent of the measurement. Targets are to 

define cooling time constants and compare normal case measurements and heat transfer 

deterioration measurements. The key findings are gathered and evaluated. In addition, few 

issues with this measurement approach are discussed. PT100 IGBT phase-V measurement 

is used for comparison for calculated results because of the internal drive measurement lower 

limit of 34 °C inside the IGBT module. 

 

Appendix 6 includes all heat transfer deterioration measurements at ambient temperature of 

25 °C with PT100 measurements of IGBT phase-V and outlet air temperature (Table 4). The 

time axis is shortened so the beginning of the cooling curve is seen clearer. According to 

theory, if the system thermal impedance stays constant, the time constant of the cooling 

should be the same as in the step response. However, this was not the case in the test setup, 

because the fan speed behavior differed significantly between start-up and cooling stages. 

Figure 5.12 represents the step response and cooling stage fan speed. 
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Figure 5.12 Drive sequence and corresponding fan speed reference. 

 

Fan speed dynamics differed considerably between start-up and cooling, which resulted in 

varying thermal impedances. The cooling stage had a significantly lower fan speed during 

cooling because temperature Tj decayed fast. The fan speed reached fast 40 % value, which 

is the no-modulation fan speed for below 80 °C Tj. Therefore, the thermal resistance is higher 

during cooling stage and according to equation (23) the time constant is increased when the 

thermal resistance is increased. Time constants of each cooling curve can be calculated, and 

the results for 25 °C ambient temperature are presented in Table 9. 

 

 

Table 9 Cooling time constant of PT100 IGBT phase-V for 25 °C ambient temperature. 

Measurement Time constant[s] 

Normal 25C 127 

Outlet degradation 50% 143 

Outlet degradation 75%  172 

Heat sink blockage 50% 196 

Heat sink blockage 75% 338 

Fan speed reduction 50% 202 

Fan speed reduction 75% 304 

Inlet degradation 50% 155 

Inlet degradation 75% 392 
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Comparing Table 6 and Table 9 values show significant differences between time constants 

between cooling and start-up. Therefore, different system parameters are required for start-

up and cooling stage. 

 

Difference between the normal and heat transfer deterioration measurement time constants 

are high, and therefore calculating a time constant from the cooling data could be used for 

heat transfer deterioration detection. However, in this measurement setup the initial 

temperatures differ between the cooling stage measurements. This results in different fan 

speed characteristics between the measurements and therefore measurements are not fully 

comparable. Nevertheless, the fan speed settles to fixed 40 % quickly in all measurements 

and after this point the fan speed does not affect the thermal resistance of the heat sink. If 

the fan speed was constant during measurements, the time constant would be longer. This is 

because the higher fan speed reduces convective heat sink thermal resistance. Therefore, the 

deterioration heat transfer would be easier to detect. Further measurements should be 

conducted with the same initial temperature to define the effects of the fan speed during 

cooling. 

 

Ambient temperature effects are observed in cooling stage. Expected behaviour is found 

when the ambient temperature varied and the time constant decreases when the ambient 

temperature is increased. The same phenomenon is found during start-up because of the 

higher fan speeds in higher ambient temperatures resulting in lower convective heat sink 

thermal resistance. Table 10 gives the time constants for 35 °C ambient temperature. 

Table 10 Cooling time constants for IGBT phase-V for 35 °C ambient temperature. 

Measurement Time constant [s] 

Normal case 35 °C 111 

Outlet degradation 50% 133 

Outlet degradation 75%  163 

Heat sink blockage 50% 185 

Heat sink blockage 75% 339 

Fan speed reduction 50% 190 

Fan speed reduction 75% 294 

Inlet degradation 50% 144 

Inlet degradation 75% 394 

 

The time constants are lower when comparing 35 °C to 25 °C ambient temperature but the 

differences are not as high as in the case of start-up. This is because the fan speed has less 
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variation between the cooling stage. However, in the case of higher time constant 

measurements, the calculated time constant is unchanged (Table 9 and Table 10). Reason 

for this is the fact that the longest time constant measurement temperatures were not quite 

settled at the end of the cooling stage. Load sequence’s cooling time could have been 

increased, but it was chosen to be unnecessary because it was enough to establish the 

approximate magnitude of the difference between the normal case and the heat transfer 

deterioration measurement results. It is more important to be able to create a reference for 

the normal operation than for the heat transfer deterioration operation, because the normal 

operation would be used as a reference for system model. 

 

The measurement results given in Appendix 6 are hard to visually compare because of the 

different initial temperatures. However, approximated simulations can be done with the 

calculated time constants, because in standardized conditions the time constant is not 

affected by the initial temperature. During measurements the conditions were not 

standardized, but the simulations are sufficient to compare different measurement cases. 

These approximations illustrate first order discharge circuit with original initial temperature 

and with the same initial temperature in 25 °C ambient temperature in Figure 5.13. 

 

Figure 5.13 Simulated first order discharge with original (left) and ΔT = 40 °C initial temperature 

difference (right). Plot label numbering corresponds to Table 5. 

 

The approximations for the same initial temperature are not completely accurate, but since 

the fan dynamics were not as significant as during the start-up, the approximations can be 

used for rough estimates. 
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Figure 5.11 shows significant differences between the normal and heat transfer deterioration 

measurements. A full cooling curve could be recorded, and the behaviour analysed and based 

on the analysis the state of the heat transfer could be defined. However, there are additional 

solutions to detect the heat transfer deterioration: 

1) Derivative over certain time; for example, from the start 100 s temperature data is 

recorded and derivative is calculated. After it is compared to a reference value 

(normal case) and if there is a significant difference, the heat transfer can be 

deteriorated. 

2) Time to reach certain temperature; for example, the cooling time is tracked when it 

reaches ΔT = 5 °C. If the time mark changes significantly from the estimated 

reference, the heat transfer can be deteriorated. 

Either solution could be effective for the case. When visually analysing the recorded results 

in Figure 5.11 (right figure), both example solutions could give significant difference and 

therefore deterioration would be detected. 

 

The TIM-film removal is analysed separately, because its behaviour differs from other 

measurements. Tj is used in analysis, since the IGBT phase-V measurement is not suitable 

for it. TIM-film removal (thicker lines) and normal case (thinner lines) measurement results 

are given in Figure 5.14. 

 

Figure 5.14 TIM-film removal and normal case measurements for IGBT junction temperature Tj and case 

temperature Tc. The phase-V NTC measurement results are shown. The difference between 

initial temperatures goes to zero after 40s from the beginning of the cooling. 
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The effects of the TIM-film removal is seen in the very beginning of the cooling curve for 

around 40 s. After this point the temperature decreased close to the same rate in both 

measurements. Therefore, the TIM-removal affects the shorter time constant instead of the 

longer as it was expected.  The thermal interface material can be identified from the other 

deterioration factors. Recording the first 40 s of cooling can be used to monitor the condition 

of the thermal interface material (TIM) between the heat sink and IGBT module. The effect 

is noticeable in all measured and estimated parameters in Figure 5.14. 

 

5.4  Dynamic stage analysis 

The dynamic stage was the final part of the measurements. Drive sequence was constructed 

as follows:  

1) Drive was overloaded to 150 % torque at nominal speed for 2 min. 

2) Load was reduced to nominal (100%) with a 6 s ramp and the speed was reduced 

during 3 min time from 100 % to 66.7 %. 

3) Load is reduced from nominal to 30 %, and afterwards increased from 30 % to 80 % 

with 2 min ramp times while the speed is constant at 66.7 %. 

4) Load is reduced from 80 % to 30 %, and after afterwards increased from 30 % to 80 

% with 5 min ramp times while the speed is constant at 66.7 %. 

Targets for the dynamic sequence was to investigate how the heat transfer deterioration can 

be seen during dynamic operation. The differences between normal case and heat transfer 

deterioration measurements are assessed and how they could be used in heat transfer state 

monitoring. 

 

Appendix 7 reports the IGBT phase-V, heat sink end and outlet air PT100 measurements for 

the dynamic stage at 25 °C ambient temperature. Normal case measurements are illustrated 

with the thinnest line, 50 % deterioration is the second thinnest line and 75 % deterioration 

is the thickest line. Example case of heat sink deterioration measurements at 25 °C ambient 

temperature is illustrated in Figure 5.15. 
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Figure 5.15 Heat sink deterioration measurements during dynamic stage in 25 °C ambient.  

 

During 2 min overload the IGBT phase-V temperatures differs slightly in the end. After the 

overload temperature acceleration decreases and stable offset is established. The stable offset 

is highly noticeable because of high temperature differences between measurements. IGBT 

phase-V temperatures at 82 min mark are tagged with data tips in Figure 5.14. 

 

The most notable difference between the IGBT phase-V measurements is the temperature 

offset: there is fairly stable difference between the temperatures during the end ramp stage. 

Figure 5.16 contains markers to illustrate the difference at 82 min mark in the heat sink 

deterioration measurements at 25 °C ambient temperature. 

 

Figure 5.16 Heat sink deterioration measurements at 25 °C ambient temperature with data tips. 
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Since there is a similar behavior in all measurements the offset can be calculated in all cases. 

Table 11 reports temperature rises ΔT at 82 min mark in all measurements and how large is 

the difference between normal case and heat transfer deterioration measurements and in 

addition, temperature rise ΔT’s differences defined from the start-up are calculated from 

values given in Table 6. 

 

Table 11 Temperature rise ΔT’s and their differences between normal and heat transfer deterioration 

measurements at 82 min mark. 

Measurement 
Temperature 
rise ΔT [°C] 

Difference to normal 
in dynamic stage [°C] 

Difference to normal 
in start-up [°C] 

Normal case 26.9 - - 

Outlet deterioration 50% 29.2 2.3 2.2 

Outlet deterioration 75% 33 6.1 6.1 

Heat sink blockage 50% 35.9 9 8.4 

Heat sink blockage 75% 46.5 19.6 21.1 

Fan speed reduction 50% 34.9 8 10.2 

Fan speed reduction 75% 43.6 16.7 21.8 

Inlet deterioration 50% 30.9 4 4.1 

Inlet deterioration 75% 48.8 21.9 23.2 

 

Difference to normal values are interesting, because they closely resemble the differences 

between the normal case and heat transfer deterioration measurement temperature rises 

during start-up in Table 6. The values are almost the same with the heat transfer deterioration 

with the lower time constants. However, in severe deterioration cases there is a noticeable 

difference between temperature rises. In heat sink, fan speed and inlet 75 % deterioration 

measurements the offset is not settled to start-up temperature rise values due to high thermal 

time constants. 

 

DUT key parameters are reported in Appendix 8. The same behavior is noticeable with 

frequency converter’s own parameters as with PT100 IGBT phase-V measurement and a 

stable offset is present. In addition, TIM-film removal shows the differences faster than other 

heat transfer deterioration cases. Similar behavior is found during start-up and cooling stage. 

Modelling the heat transfer during dynamic operation is possible with frequency converters 

own internal measurements and estimations. However, additional measurements should be 

performed, and more detailed system analysis is necessary. There is also a possibility for 
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simple solution for dynamic stage monitoring if the load cycle is constant: recording the 

highest temperature during load cycle and storing it. If the highest temperature changes 

significantly from the reference, the heat transfer system could be deteriorated. According 

to dynamic stage measurements, this could be used effectively, since the offset is high and 

therefore the highest temperature also increases (for example in Figure 5.14). However, more 

measurements and analysis are required to determine how well the different approaches 

work during dynamic stage. 
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6 CONCLUSION 

 

Effects of heat transfer deterioration of frequency converters were measured and investigated 

to define if it is possible to determine the state of the heat transfer with remote monitoring 

or self-diagnostics. In addition, it was evaluated if additional measurements are required to 

determine the status of the heat transfer system and if a fault can be identified. 

 

 The key findings of the Master’s Thesis are: 

• Heat transfer deterioration was detectable in all measurements. 

• Frequency converters own temperature measurements are enough to detect the heat 

transfer deterioration. 

• Switching frequency and fan speed could be used to detect heat-transfer deterioration 

since they are temperature dependent. 

• First order transfer function modelling can be used to detect deterioration during 

start-up and shutdown. However, varying fan speed and switching frequency cause 

extra dynamics to the heat-transfer system. 

• TIM-film removal affects the measured temperatures immediately unlike other 

measurements. Therefore, the thermal interface deterioration could be identified. 

• An algorithm could be constructed for the dynamic operation due to high offset 

between normal and heat transfer deterioration measurements. In addition, maximum 

temperature detection during a load cycle could be used. 

• Outlet air temperature measurement could assist to identify the source of heat transfer 

deterioration and therefore it could be implemented. In addition, the outlet air 

temperature measurement shows more significant differences in inlet, outlet and fan 

speed deterioration measurements. 

• Remote condition monitoring can be utilized to detect weakened heat transfer. 

 

Identified measurements showed significant differences when normal case measurements 

and heat transfer deterioration measurements are compared. The most significant 

temperature differences were detected during inlet, heat sink and fan speed deterioration 

measurements and the highest temperature differences compared to normal operation 

temperatures were near 23 °C. The heat sink and fan speed deteriorations show signs of a 

weakened cooling earlier in the designed measurements. However, the deterioration 
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parameters are not directly comparable between each other since they affect heat transfer 

differently. Nevertheless, the measured results show how much each deterioration factor can 

increase the measured temperatures. 

 

Different heat transfer deterioration mechanisms can take place simultaneously in industrial 

environments. For example, dirt accumulation in an air filter and fan speed reduction can 

happen simultaneously. Heat transfer deterioration can increase measured temperatures even 

more if multiple deterioration factors are in effect simultaneously. However, cross effects 

between heat transfer deterioration parameters were not examined in this Master’s Thesis. 

 

The device under test (DUT) frequency converter was ACS880-01-169A-3 frame size is R7, 

but ACS880-01-206A-3 has the same frame structure resulting in identical heat transfer. 

Therefore, the deterioration effects would have been higher in ACS880-01-206A-3 because 

of the higher losses. 

 

Both PT100 and DUT’s measured parameters showed significant temperature increases 

during the drive sequence when the heat transfer was deteriorated. The frequency converters 

temperature measurements can alone detect the heat transfer deterioration. Identification of 

the source of the weakened cooling is limited to the thermal interface material deterioration 

of PEM and cooling air volumetric flow reduction by various measured sources. The thermal 

interface deterioration can be detected immediately at the beginning of a start-up or cooling 

unlike other deterioration measurements because of low time constant in case of lacking 

TIM. The required temperature measurements in a frequency converter are ambient air 

temperature and a suitable PEM internal measurement or estimation, for example, IGBT 

chip junction temperature Tj. However, the outlet air temperature measurement would help 

to identify the source of the deterioration. Additionally, heat sink, outlet and inlet 

deterioration measurements show larger temperature increase with outlet temperature 

increase and therefore implementing outlet air temperature sensor could be considered. 

Additionally, there was an idea to utilize ABB Ability™ Smart Sensor, which could be used 

to gather temperature, noise, vibration and other useful data from outlet side of the cooling 

duct. 
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There are multiple ways to detect a frequency converter’s weakened cooling during 

operation. In the case of start-up, a reference curve is constructed, which is compared to a 

new recorded start-up data. Constant loading should be long enough to be able to detect the 

difference between the reference and measured results. In the case of measured results, the 

difference between the normal and heat transfer deterioration cases begin to accelerate 

around 1 min 30 s from start-up (Figure 5.9). The cooling stage can be approached with the 

same manner and a reference curve can be constructed to monitor the heat transfer state. In 

addition, a reference time can be utilized to track when the measured temperature reaches 

certain predefined temperature or cooling derivate can be calculated and compared to the 

reference. Dynamic stage showed significant operation temperature increase during 

operation. Therefore, a suitable algorithm can be used to detect heat transfer deterioration 

because of the large offset between normal case measurements and heat transfer 

deterioration measurements. For constant load cycle drives a simple maximum temperature 

tracking can be used. If the maximum temperature increases significantly over time, the heat 

transfer may be deteriorated. 

 

However, ambient temperature affects the switching frequency and fan speed. Therefore, 

they have to be taken into account when constructing a model. The fan speed and switching 

frequency behave linearly with Tj but below 80 °C Tj these parameters are constant. During 

start-up the effects are more significant than during cooling, because during cooling the fan 

speed quickly diminishes to constant 40 % fan speed (Figure 5.10). However, the cooling 

measurements performed in the Master’s Thesis did not begin at a same initial temperature 

and therefore the measurements are not fully comparable because of the different initial fan 

speed at the beginning of the cooling stage. Additional measurements could be performed to 

begin with a same initial temperature. Other challenges are different ramp times, majorly 

fluctuating ambient temperature during operation and how to create universal solution for 

different device models and sizes. 

 

Remote condition monitoring can be used to detect the weakened heat transfer. The 

measured temperatures increased significantly when the heat transfer was weakened, and the 

measurement accuracies of the frequency converter’s temperature measurements have high 

enough resolution to recognize weakened heat transfer. In addition, sampling rate of 1 s is 

enough for remote condition monitoring. A remote monitoring unit can collect the measured 
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data for necessary analysis and send them to cloud service. When an abnormal operation is 

detected, service personnel is informed, and device inspection and possible repair is 

performed. 
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 APPENDIX 1. Technical data catalog of ACS880-01 
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APPENDIX 2. ACS880-01 maintenance schedule (2019) 
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APPENDIX 3. Temperature rises and time constant values for 

step responses 

Measurement in 25 °C 
ambient Time constant [s] 

Temperature 
rise ΔT [°C] Fan speed [%] Switching frequency [Hz] 

Normal case 115 36.2 47 3270 

Outlet 50% 130 38.4 49 3110 

Outlet 75% 141 42.3 52 2890 

Heat sink 50% 150 44.6 55 2730 

Heat sink 75% 204 57.3 67 1980 

Fan speed 50% 172 46.4 23* 2620 

Fan speed 75% 222 58.0 12* 1920 

Inlet 50% 133 40.3 51 3000 

Inlet 75% 204 59.5 68 1810 

TIM-film removal 87 33.5 53 2810 

 

Measurement in 35 °C 
ambient Time constant[s] 

Temperature 
rise ΔT [°C] Fan speed [%] Switching frequency [Hz] 

Normal 35C 80 33.9 54 2780 

Outlet 50% 90 35.6 55 2680 

Outlet 75% 110 38.9 58 2460 

Heat sink blockage 50% 124 41.7 62 2310 

Heat sink blockage 75% 183 53.7 73 1570 

Fan speed 50% 128 43.4 27* 2200 

Fan speed 75% 190 55.0 14* 1490 

Inlet 50% 102 37.0 57 2560 

Inlet 75% 183 56.0 74 1420 

Tim film removal 74 31.8 60 2390 

 

Measurement in 45 °C 
ambient Time constant[s] 

Temperature 
rise ΔT [°C] Fan speed [%] Switching frequency [Hz] 

Normal 45C 73 32.6 62 2220 

Outlet 50% 87 33.0 63 2190 

Outlet 75% 103 36.4 65 1980 

Heat sink blockage 50% 113 39.0 68 1810 

Heat sink blockage 75% 172 50.8 79 1250 

Fan speed 50% 123 41.1 31 1710 

Fan speed 75% 198 54.4 16 1180 

Inlet 50% 96 34.3 64 2100 

Inlet 75% 185 53.2 82 1250 

Tim film removal 83 30.6 66 2000 
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APPENDIX 4. PT100 measurements during step response 
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APPENDIX 5. Frequency converter measurements during step 

response 
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Appendix 6. PT100 measurements during cooling 
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APPENDIX 7. PT100 measurements during dynamic stage 
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APPENDIX 8. Frequency converter measurements during 

dynamic stage 

 

 


