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Taajuusmuuttajien ennaltaehkäisevä huolto on perustunut kuluvien ja ikääntyvien kompo-
nenttien ennalta suunniteltuihin vaihtoihin. Vaihtoaikaväli on määräytynyt komponentin 
eliniän odotuksesta, mikä on voinut pohjautua kokemusperäiseen tai valmistajalta saatuun 
tietoon. Käytännössä komponenttien saavuttamat eliniät voivat kuitenkin vaihdella merkit-
tävästi, koska taajuusmuuttajia käytetään hyvin erilaisissa käyttöympäristöissä ja sovel-
luksissa. 

Tutkimuksen päätavoitteena oli tuottaa tietoa menetelmistä, joilla taajuusmuuttajan toimin-
takuntoa voidaan luotettavasti mitata kenttäolosuhteissa. Tutkimuksen alussa keskityttiin 
taajuusmuuttajan kannalta kriittisiin komponentteihin kuten virtamuuntimiin, IGBT:ihin ja 
välipiirin kondensaattoreihin, koska näiden ikääntyminen oli jo tunnistettu. Tarkempaan 
tarkasteluun valittiin välipiirin kondensaattoreiden mittausmenetelmä, jonka avulla mita-
taan taajuusmuuttajan kondensaattoripankin kokonaiskapasitanssia ja sarjavastusta. Mit-
tausmenetelmän soveltuvuutta arvioidaan käytännön mittauksin. 

Tutkimus toteutettiin käyttämällä triangulaatio-menetelmää, jossa arviontimenetelminä 
olivat kirjallisuuskatsaus, simulointi ja käytännön mittaukset. Saatujen tulosten perusteella 
uusi mittausmenetelmä soveltuu varauksin käytännön mittauksiin, luotettavuuden paran-
tamiseksi olisikin mittausmenetelmää edelleen kehitettävä. 
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Preventive maintenance of frequency converters has been based on pre-planned re-
placement of wearing or ageing components. Exchange intervals follow component life-
time expectations which are based on empirical knowledge or schedules defined by man-
ufacturer. However, the lifetime of a component can vary significantly, because drives are 
used in very different operating environments and applications. 

The main objective of the research was to provide information on methods, i.e. how in-
verter's operating condition can be measured reliably under field conditions. At first, the 
research focused on critical components such as current transducers, IGBTs and DC link 
capacitor bank, because these aging have already been identified. Of these, the DC link 
capacitor measurement method was selected for closer examination. With this method, 
the total capacitance and its total series resistance can be measured. The suitability of the 
measuring procedure was estimated on the basis of practical measurements. 

The research was made by using so called triangulation method, including a literature 
review, simulations and practical measurements. Based on the results, the new meas-
urement method seems suitable with some reservations to practical measurements. How-
ever, the measuring method should be further developed in order to improve its reliability. 
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ABBREVIATIONS AND SYMBOLS 

Roman letters 

C capacitance 

Ceq the equivalent capacitance of parallel connected capacitors 

Cesr the equivalent series resistance of parallel connected capacitors 

cos φ power factor 

Cr rated capacitance 

Cs series capacitance 

D duty ratio 

D1-6 diodes 

du/dt the rate of change in voltage, the derivate of voltage 

𝑓 frequency 

𝑓r resonance frequency 

ic capacitor current 

id source current 

IL maximum leakage current 

Ir rated ripple current 

is motor’s stator current 

L inductance 

LB the expected operating life for full rated voltage and temperature 

Lm the magnetizing inductance of the motor 

LN network phase 

Lop expected operating lifetime 

Lrl the rotor leakage inductance referred to the stator 

Ls,DTC estimated stator inductance 

Lsl the stator leakage inductance 
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MV voltage multiplier 

R resistance 

Rc capacitor’s series resistance 

RESR maximum internal series resistance 

Rr the rotor resistance referred to the stator 

Rs,DTC estimated stator resistance 

Rs motor’s stator resistance 

S1-6 switches 

tan 𝛿 dissipation factor 

tan 𝜃 quality factor 

TB the maximum permitted internal operating temperature 

tc charging time 

TC actual core temperature 

td discharging time 

Ts switching period 

Tr rated maximum operating temperature 

Ua applied voltage 

uc voltage over capacitor 

ud DC link voltage 

Ur rated voltage 

Xc capacitive reactance 

XL inductive reactance 

Z impedance 

Greek letters 

σls,DTC estimated leakage inductance 

𝜏 time period 
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𝜏r,DTC estimated time constant of the rotor 

𝜔 angular frequency 

Acronyms 

AC Alternating Current 

DC Direct Current 

DriveWindow PC tool for operating, controlling and monitoring ABB drives 

DTC Direct Torque Control 

ESR Equivalent Series Resistance 

IGBT Insulated-Gate Bipolar Transistor 

PCB Printed Circuit Board 

PER the period of the wave used in the simulation model 

PW pulse width used in the simulation model 

PWM Pulse Width Modulation 

TF pulse fall time used in the simulation model 

TR pulse rise time used in the simulation model 

VPULSE voltage pulse generator used in the simulation model 

V-SWITCH  voltage controlled switch used in the simulation model 
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1. INTRODUCTION 

The goals of frequency converters’ preventive maintenance are to extend the product life 

cycle, and to improve reliability. A well-designed and effective preventive maintenance 

can be used to reduce a company's production losses and to enhance system perfor-

mance. The increasing use of frequency converters and their reliability in critical parts of 

the process are reasons to create a more accurate determination of the component condi-

tion. 

Preventive maintenance of frequency converters has been based on pre-planned re-

placement of wearing or ageing components. Exchange intervals follow component life-

time expectations which are based on empirical knowledge or schedules defined by man-

ufacturer. However, the lifetime of a component can vary significantly, because converters 

are used in different operating environments and in different applications. 

This work focuses on components, whose ageing has been identified in use afterwards, 

but reliable monitoring methods for them have been inadequate. The objective of this the-

sis was to develop or find measuring method to determine the frequency converter operat-

ing condition. The goal was to find out a method which is applicable to the field conditions. 

1.1 Background and motivation 

This research has been done for ABB, which researches, develops and manufactures 

electrical drives. This work focuses on the measurements of the frequency converter op-

erating condition which are utilized in the life-cycle management, and is used to reduce 

those occurring faults. 

The literature review section first focuses on the operation principle of investigated fre-

quency converter, then to the reliability of power electronic converter and to the last DC 

link capacitor aging phenomena and their condition monitoring methods. 

The work leads to investigate the DC link capacitors measuring method, which is still fur-

ther developed to meet the practical needs. The suitability of the developed measuring 

method into practice is estimated on the basis of practical measurements. 

The present measurement methods of the DC link capacitors have not responded to the 

purpose. Besides, the lack of the appropriate measuring devices for the field conditions, 
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and also their reliability and price have not contributed the measurements to become 

more common. The measurements have been difficult to perform, and they could also 

include risks like managing the complex mechanical structure of the frequency converter. 

As a result, the execution of the measurements may have taken a lot of time causing too 

high price for the measuring service. This in turn has led to the current system, where the 

aged components are replaced based on empirical knowledge or schedules defined by a 

manufacturer. Accordingly, there is need for developing a new measuring method. 

1.1.1 Researcher’s background information 

The researcher has completed the automation mechanic degree in 1989 at Lappeenranta 

vocational school and information technology engineering degree at the Kotka Technical 

institute in 1994. After graduation, has worked for 16 years with electric drives at ABB Ltd. 

In 2011 received the right to study in Lappeenranta University of Technology Department 

of Electrical Engineering, majoring in electrical drives and machines. 

1.2 Research problem 

The measurement of frequency converter’s DC link capacitors has been a challenge, 

there has been a lack of a measurement method which would be suitable for field condi-

tions and would be sufficiently reliable and accurate. 

1.3 Objective 

The objective of this study is to provide information of the new DC link capacitor measur-

ing method. 

1.3.1 Research questions 

The research questions are: 

1) Is there any measuring method available, that is suitable for the frequency con-

verter DC link capacitors measurements under field conditions, and would it be 

sufficiently accurate and reliable ? 

2) Is there ageing information available according to this measurement ? 
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1.4 Research methods 

The evaluation of the measurement method was studied both theoretically and experi-

mentally, and by simulating. 

1.5 Scope 

The diagnosis is covering ABB product families ACS600 and ACS800 single and multi-

drives, which have similarities with software and hardware. In the literature review part, 

the focus is on the drive’s main component the DC link electrolytic capacitor, and on the 

factors affecting its life span. The study was limited to evaluate the DC link capacitors’ 

measuring method, its accuracy, reliability and suitability to the field conditions. Capaci-

tors’ aging phenomenon was studied on the basis of ESR and capacitance values. In the 

simulation, the drive is simplified by using an equivalent circuit and ready-made compo-

nent models. 

1.6 Contribution 

The results of this study provide new information about the measuring method of the DC 

link capacitors, when the target area is ACS600 or ACS800 frequency converter. With this 

new measuring method the operating condition of the DC link electrolytic capacitors can 

be monitored. It will help a new frequency converter to be developed using the results 

given by the investigated method even further. 
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2. LITERATURE REVIEW 

This chapter introduces the concepts related to the research problem. Basic information 

can be found in the literature. A couple of useful books could be mentioned, such as Mo-

han et al: Power Electronics: Converters, applications, and design (2003), and also Pyr-

hönen et al: Design of Rotating Electrical Machines (2008). 

Data search of the three useful databases were: 

- IEEE (Institute of Electrical and Electronics Engineers) 

- EBSCO - Academic Search Elite and 

- Elsevier - Electric Power Systems Research. 

2.1 Frequency converter 

This section covers the introduction and explanation of the AC drive. It is important to 

have certain knowledge of drives before thinking about the testing methods. In this work, 

the measurement method evaluation is completed by using ACS600 and ACS800 con-

verters. Therefore, the operating principle and the structures are dealing with these con-

verters. 

ACS600 and ACS800 product history and differences 

ACS600 was the first commercial product with Direct torque control (DTC). Since its 

launch in 1995 hundreds of thousands of drives with DTC have been delivered. After 

ACS600, ABB released a new converter ACS800 in 2002. The new ACS800 converter 

has exactly the same DTC core and thus there is no major change in the motor control 

performance. I/O update times are much faster in ACS800 and thus the total performance 

is better. The efficiency is slightly better in ACS800, since there are less power-consuming 

components used. The new IGBTs have also benefits, like lower du/dt causing less volt-

age stress to the motor insulation. 

Operating principle and hardware 

ACS600 and ACS800 are Pulse-Width Modulated (PWM) voltage-source converters. The 

converters have three main components: a rectifier, a DC-link and an inverter. The magni-
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tude of input DC voltage is essentially constant in these inverters. The frequency and the 

magnitude of the AC output voltages are controlled with PWM. 

Rectifier section 

The rectifier circuit converts AC voltage to DC voltage. The main components of the recti-

fier section are an AC choke and the rectifier bridge. Between the rectifier and the inverter 

sections are the DC link capacitors. The AC choke is employed for the harmonic current 

reduction, i.e. line current waveform improvement purposes. This reduces DC link capaci-

tor ripple current and extends the capacitor life. The choke is placed on the AC side of the 

rectifier bridge also in order to protect the rectifier semiconductors against power line tran-

sients. The choke also attenuates frequency converter electromagnetic emissions. The 

diode rectifier is a standard six diode three phase unit or a combination of three thyristors 

and diodes. The following Figure 1presents the last mentioned. 

 

Figure 1. Three-phase diode rectifier section with combined diode/thyristor modules. 

The DC link capacitors operate as an energy storage and together with the AC choke form 

a filter to smoothen the pulsating DC voltage. The circuit is typically fitted with high re-

sistance resistors that discharge the capacitors in a few minutes after power is switched 

off. The resistors also distribute the DC voltage evenly over the series connected capaci-

tors. These resistors are often called discharging or balancing resistors. Intermediate cir-

cuit supplies power to the auxiliary power supply, and DC voltage measurement for con-

trol circuit (ABB Ltd. 1997). 
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Inverter section 

The inverter circuit converts the DC voltage to AC voltage or vice versa as an active recti-

fier. This circuit consists of the IGBT modules, the clamping capacitors and the current 

transducers. The capacitors are placed on the DC side of the IGBT module for protection 

against voltage transients caused by the switching actions of the power transistors. Figure 

2 shows a typical configuration of the three phase IGBT inverter, there is one IGBT mod-

ule per output phase. 

 

Figure 2. Inverter section with three IGBT modules. 

Before motor are current transducers which measure motor currents and earth leakage 

currents. The first one is measured from two output phases and the latter one from all 

three phases. The earth leakage current is a sum current from all three phases. All meas-

urements and IGBTs switching are controlled by the motor control electronics. 

Motor control methods 

ACS600 and ACS800 models include two different control methods for controlling the mo-

tor. The motor control is based on either scalar control method or direct torque control 

method. The difference between these methods is that in scalar control output voltage and 

output frequency are used as primary control variables, which need to be pulse width 

modulated before being applied to the motor. Whereas DTC allows the motor’s torque and 

stator flux linkage to be used directly as primary control variables. All switch changes of 

the inverter are based on the electromagnetic state of the motor. 
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The DTC mode is suitable for most applications, and it performs precise speed and torque 

control of standard squirrel cage motors without pulse encoder feedback. The SCALAR 

control mode is recommended for multimotor drives when a number of motors are con-

nected in parallel. The SCALAR control is also recommended when the nominal current of 

the motor is less than 1/6 of the nominal current of the inverter, or when the inverter is 

used for test purposes with no motor connected. The motor control accuracy of DTC can-

not be achieved in the scalar control mode (ABB Ltd. 1997). 

2.2 Reliability of power electronic converter 

The semiconductor power devices and capacitors are the most vulnerable components of 

power electronic converters (Shaoyong et al. 2011 & Yang et al. 2010). As shown on the 

left in Figure 3, semiconductor and capacitor failures in device modules account for 51% 

of failures in converter system. According to An Industry-Based Survey of Reliability in 

Power Electronics converters (Shaoyong et al. 2011), semiconductor power devices have 

been selected by 31% of responders as the most fragile components, which was followed 

by capacitors. According to statistics, aluminum electrolytic capacitor occupies about 60% 

failure rate in the DC-DC converter failure (Venet et al. 2002). The circle on the right in 

shows the sources of stressor that have significant impact on reliability (ZVEI 2013). 

   

Figure 3. Failure root causes distribution for power electronic systems (Wolfgang 2007) and stress sources 
(ZVEI 2013). 

Temperature stressor has the greatest impact on the reliability of power electronic com-

ponents and systems. Other factors such as humidity and vibration are very closely relat-

ed to the failure of power components. 
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The bathtub curve is widely used to describe reliability and it illustrates a particular form of 

the hazard function. Figure 4 illustrates the failure rate as a function of time. 

 

Figure 4. Bathtub curve. 

During the early life of the product the failure rate is high, since the weak products contain 

macroscopic manufacturing defects which do not survive. This part is known as early fail-

ures. The second part has a roughly constant failure rate and is known as random fail-

ures. This area normally corresponds to the working life of the components. In the last 

part the failure rate increases due to wear out. In this part microscopic defect increases 

over time. The studied measurement method is locating in the bathtub curve towards the 

end to look at DC-link capacitor’s wear out phenomenon. 

2.3 DC-link capacitor 

Aluminum electrolytic capacitors have been the preferred choice for the DC-link. The ca-

pacitors have been used in low voltage power electronics converters due to their large 

capacitance per volume and low cost per capacitance. Although electrolytic capacitors 

have many attractive features for power converter applications, they have some undesira-

ble properties such as sensitivity to temperature and frequency, and low reliability 

(Kwang-Woon et al. 2008). 

Structure 

Aluminum electrolytic capacitors consist of two aluminum electrodes separated by paper 

impregnated in an electrolyte solution, as shown in Figure 5 The two thin separated elec-
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trodes are wound into a cylindrical shape to minimize the volume (Kwang-Woon et al. 

2008). 

 

Figure 5. Winding construction and dielectric structure of an aluminum electrolytic capacitor. 

The surface of electrodes is etched to increase the effective surface area. This structure 

enables large capacitance per volume. The electrolyte is complex blend of ingredients 

with different formulations according to operating voltage and temperature range. The 

principal ingredients are solvent and conductive salt to produce electrical conduction. 

Usually, electrolyte solution is mixture of ethylene glycol and ammonium borate (Yong Yu 

et al. 2012). 

Equivalent circuit diagram 

The capacitor properties and its non-idealities are described with the equivalent circuit. 

The capacitors dominant non-idealities are internal series resistance ESR (equivalent se-

ries resistance) and self-inductance L. Figure 6 present three commonly used real capaci-

tor equivalent circuit, where other components are insulation resistance Rp and capaci-

tance C. 
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Figure 6. Simplified equivalent circuit diagrams of an electrolytic capacitor (Pyrhönen et al. 2011). 

The non-idealities of ESR result from dielectric losses and the ohmic resistance of the 

electrolyte, foils and the terminals while the self-inductance L results from the terminal 

configuration and the internal design of the capacitor (EPCOS AG 2015). 

The total impedance Z of equivalent circuit in Figure 6c can be calculated using the reac-

tance of capacitor Xc and reactance of inductance XL with equation 

 |𝑍| = √𝐸𝑆𝑅2 + (𝑋c − 𝑋L)2, (1) 

where the reactance are given by the following equations. 

 
𝑋c =

1

𝜔 ∙ 𝐶
 (2) 

 𝑋L = 𝜔 ∙ 𝐿, (3) 

where 𝜔 is the angular frequency, defined by 

 𝜔 = 2 ∙ π ∙ 𝑓, (4) 

where 𝑓 is frequency. 

The inductive reactance depends only on the frequency, whereas capacitive reactance 

and ESR depend also on temperature. The capacitance of the capacitor and the induct-

ance form a resonant circuit, where the capacitive reactance predominates at low fre-

quencies while inductive reactance dominates at high frequencies. When the capacitor’s 
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resonance frequency is reached, capacitive and inductive reactance cancels each other, 

in that point the impedance is purely resistive. 

The impedance of the capacitor reduces until the resonance frequency reached, after 

which it begins to grow again. The resonant frequency 𝑓r can be calculated by using the 

inductance L and capacitance C of capacitor with equation 

 
𝑓r =

1

𝜔 ∙ √𝐿 ∙ 𝐶
 . (5) 

Figure 7 describes the capacitor impedance behaviour as a function of temperature and 

frequency. In Figure can be seen also that the resistance of the electrolyte decreases 

strongly with increasing temperature. 

 

Figure 7. Example of impedance versus frequency for different temperature values. 

Figure 8 shows typical behaviour of capacitor impedance’s absolute value |Z|, inductive 

reactance XL, equivalent series resistance ESR and capacitive reactance Xc as a function 

of frequency. 
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Figure 8. Capacitor’s impedance’s absolute value |Z|, inductive reactance XL, equivalent series resistance 

ESR and capacitive reactance Xc versus frequency (Pyrhönen et al. 2011). 

From the Figure it can be seen that the inductive reactance is only one which stays almost 

linear as a function of frequency. 

Capacitor networks 

Capacitors can be connected in series or parallel. In high power frequency converter DC-

link typically consists of several parallel and series connected capacitors. Such a structure 

is often called capacitor bank unit. By connecting capacitors in series the increased volt-

age withstanding capability is achieved and by connecting to parallel the increased capac-

itance and ripple-current capability is achieved. Figure 9 presents an example model of a 

capacitor bank, where the capacitor is modelled with series connected ESR and capaci-

tance. 

 

Figure 9. Example of the simplified equivalent capacitor bank model. 
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The capacitors’ capacitances and equivalent series resistances can be calculated with the 

following basic equations. When capacitors are connected in parallel, the equivalent ca-

pacitance Ceq can be expressed as 

 𝐶eq = 𝐶1 + 𝐶2 + 𝐶3 + ⋯ (6) 

and when connected in series 

 𝑐eq =
1

𝐶1
+

1

𝐶2
+

1

𝐶3
+ ⋯. (7) 

While ESR are connected in parallel the equivalent ESReq can be expressed as 

 
𝐸𝑆𝑅eq =

1

𝐸𝑆𝑅1
+

1

𝐸𝑆𝑅2
+

1

𝐸𝑆𝑅3
+ ⋯ (8) 

and when connected in series 

 𝐸𝑆𝑅eq = 𝐸𝑆𝑅1 + 𝐸𝑆𝑅2 + 𝐸𝑆𝑅3 + ⋯. (9) 

 

Capacitor’s ESR and dissipation factor 

The ESR value depends on temperature and frequency and is related to the dissipation 

factor. Between dissipation factor, ESR and capacitance applies dependency 

 𝐸𝑆𝑅 =
tan 𝛿

𝜔∙𝐶s
= 𝑋C ∙ tan 𝛿, (10) 

where tan 𝛿 is dissipation factor, 𝐶s is series capacitance, and Xc is capacitive reactance. 

The dissipation factor tan 𝛿 is the ratio of the equivalent series resistance to the capacitive 

reactance component in the equivalent series circuit. It indicates the capacitor’s losses 

and it is usually expressed as a percentage. Figure 10 presents the determination of the 

dissipation factor according to ESR and Xc on impedance plane. Normally the inductive 

reactance XL has so small value, that it is ignored. In the Figure θ is the quality factor 
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which is the ratio of reactance to resistance at a given frequency. The higher the quality 

factor of the capacitor, the closer it approaches the behavior of lossless capacitor. 

 

Figure 10. The dissipation factor according to ESR and Xc on impedance plane (Pyrhönen et al. 2011). 

The ESR produces losses in the capacitor, which in turn change to the heat. As a result, a 

good capacitor includes characteristics like low ESR and inductive reactance. 

Leakage current 

The leakage current flows through a capacitor, when DC voltage is applied to the capaci-

tor. The leakage current magnitude changes according to the capacitor design, the tem-

perature, applied voltage and application time. The initial leakage current level is also af-

fected by the history of capacitor, such as storage conditions and stocking time. In equiva-

lent circuit the leakage current can be understood as current which flows through a re-

sistance. This resistance is connected in parallel to a capacitor marked as an insulation 

resistance Rp , presented earlier in Figure 6. The leakage current causes power losses in 

the capacitor when it is charging or discharging. 

Degradation mechanism 

Electrolytic capacitor degradation is due to a combined effect of thermal, electrical, me-

chanical, and environmental stresses, and has a number of root causes and failure 

modes. The common failure modes of aluminum electrolytic capacitors are short circuit, 

open circuit, increase of leakage current, electrolyte vaporization, etc. The primary wear-

out failure mechanism is evaporation of the electrolyte solution and its loss through the 

end seal. Evaporation of electrolyte is accelerated with temperature rise during operation 
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due to ripple currents, ambient temperature increase, over-voltage, etc. When the volume 

of electrolyte decreases, the value of the equivalent series resistance ESR will increase 

and the capacitance C will decrease. The increase of ESR results in additional power loss 

which leads to elevated internal temperature and in turn accelerates the evaporation of 

electrolyte (Yong Yu et al. 2012). 

Other failure modes include 1) rupturing or explosion of capacitor due to excessive inter-

nal pressure, which can occur when normal operating ranges are exceeded, 2) open or 

short circuit failures due to repeated mechanical stress on the leads or capacitor, or 3) 

corrosion of leads due to cleaner, adhesive, coating material, or other foreign material 

(Kwang-Woon et al. 2008). Figure 11 shows the typical ESR and capacitance failure 

modes and reasons behind them. 

 

Figure 11. Typical ESR and capacitance failure modes of aluminum electrolytic capacitor and their causes. 

Life expectancy 

The life expectancy represents the typical period of time until the end of the component 

life is reached. The factors that the most affect to the technical life of aluminum electrolytic 
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capacitors are the ambient temperature, the ripple current and the applied voltage. The 

temperature has the greatest impact on the lifetime. The rise of operating temperature 

shortens the lifetime exceedingly (Figure 12). 

An aluminum electrolytic capacitor is determined to have reached its end of life when the 

capacitance change, internal series resistance ESR and leakage current have exceeded 

the specified value or when a noticeable external abnormality occurs. Commonly, the ca-

pacitor is considered to be failed when it has lost about 40% of its electrolyte or when the 

capacitance has decreased more than 20 % from the initial value. The trigger level for 

ESR is when the resistance has reached more than the double of the initial value (Amaral, 

Cardoso 2009 & Abdennadher et al. 2010). 

Predicting capacitor’s operating life 

Most manufacturers use the next Equation to predict operating life LOP, where LB is the 

expected operating life in hours for full rated voltage and temperature, MV is unit-less volt-

age multiplier for voltage derating, TB is maximum permitted internal operating core tem-

perature in ºC and TC is the actual capacitor core temperature in ºC. Estimated operating 

lifetime can be expressed with the following formula 

 
𝐿OP = 𝐿B · 𝑀V · 2

(𝑇B−𝑇C)

10 , (11) 

where the voltage derating Mv can be calculated with equation 

 𝑀V = (
𝑈r

𝑈a
)3, (12) 

where Ur is rated DC voltage and Ua is applied DC voltage (Ua ≤ Ur). 

The values for Mv, LB and TB vary both by capacitor type and by manufacturer. The life-

time varies with the applied stressors in a nonlinear manner. Thus when the stressors 

vary with time, arithmetic averaging is not valid. Actual capacitor lifetime will in general be 

lower than the arithmetic average. In the next Equation the temperature change at the 

capacitor's core with respect to time is taken account. 
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 𝐿OP =
𝜏

∫
d𝑡

𝐿[𝑠𝑡𝑟𝑒𝑠𝑠𝑜𝑟𝑠(𝑡)]

𝜏

0

=
𝜏

∫
d𝑡

𝐿[𝑇c(𝑡)]

𝜏

0

, (13) 

where the rate at which the lifetime is consumed is 1/L, TC(t) is a time varying core tem-

perature and 𝜏 is a representative time period. Beginning of wear-out is determined mainly 

by the capacitor’s size and average operating temperature (Parler 2015). 

Figure 12 demonstrates how remarkable effect on the operating life the capacitor’s core 

temperature or actual voltage changes have. Figure’s calculation is based on Equation 11, 

when capacitor’s rated voltage was 350 VDC and rated temperature 85°C. 

 

Figure 12. Capacitor’s operating life vs. core temperature and applied actual voltage. 

Figure shows that the operating lifetime doubles for each 10 ºC that operating tempera-

ture is reduced from rated temperature and also reducing operating voltage 25 % from 

capacitor’s rated voltage more than doubles the operating life. 
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3. DC link measuring methods 

This chapter is divided into three sections, the first section describes factors to consider 

when choosing a measuring method, the second section introduces to the currently used 

testing methods and the last section presents the new measuring method. 

3.1 The measurement method selection criteria 

The goodness of the measuring method can be evaluated from several points of view. 

The most important criteria in evaluation of the method are the validity, reliability and ac-

curacy. However, in this work, the focus was to develop a practical measurement method. 

Figure 13 shows the factors related to the suitability of the measuring method in practice. 

 

Figure 13. Suitability of the measuring method in practice. 

As shown in Figure to the suitability of the method affects many factors, and often it is a 

compromise of several factors. The factors like the location of the device, its mechanical 

structure and tight schedules set their own challenges. These issues affect for example to 

the safety, measuring speed and cost effectiveness accordingly. 
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3.2 Present testing methods 

This chapter discusses the DC link capacitors’ present measurements techniques applied 

to the frequency converter.  

One of the most used methods to evaluate the condition of the capacitor bank is by 

measuring capacitors’ charging and discharging time. Measurement is carried out by 

measuring the elapsed time and voltage level over the balancing resistors, the principle of 

capacitor bank’s structure is shown in Figure 14, where R is balancing/discharging resis-

tor. 

 

Figure 14. Capacitor bank unit with balancing resistor. 

The unbalanced voltage distribution of the series-connected capacitors provides infor-

mation about unevenness of leakage currents. It is caused by a difference in the internal 

resistance of the individual capacitors. The charging and discharging time of the capacitor 

bank indicate the amount of the capacitance. The obtained measurement results can be 

compared with the empirical knowledge to estimate the condition of the capacitor bank. 

The capacitor bank unit’s charge and discharge times can be calculated with the following 

equations. 

Equation of charge time tc 

 𝑡c = 𝑅 ∙ 𝐶 ∙ ln (
𝑈

𝑈−𝑈n
), (14) 

where R is charging resistor, C is capacitance and Un is the voltage level needed to reach. 
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Respectively, discharge time td  is given by 

 𝑡d = 𝑅 ∙ 𝐶 ∙ ln (
𝑈

𝑈n
), (15) 

where R is discharging resistor. 

Also single capacitors can be disconnected from the capacitor bank unit, in which case 

every capacitor’s internal series resistance (ESR) and capacitance are measured sepa-

rately with LCR meter. LCR is meter is used to measure the inductance (L), capacitance 

(C), and resistance (R) of a component.  

Other less-used methods are the capacitor weight measurement, leakage current meas-

urement and the DC link ripple voltage measurement. With capacitor weight measurement 

it is possible to find out the amount of evaporated electrolyte, which leads to the decrease 

of the capacitance. In the measurement of the leakage current the magnitude of DC cur-

rent indicates the intensity of the oxidizing process in capacitor. Increase of the intensity is 

caused by a damaged oxide layer, which direct current increase helps to repair. The in-

creased voltage jitter in the DC link can also indicate the decrease of capacitance. 

However, all of these methods described above have limitations which have led to investi-

gate a new method of measurement. Some of the biggest constraints with present meas-

uring methods have been: 

- measurements have taken too much time 

- measuring difficult to perform 

- measurements involves risk 

- reliability of the measurements is questionable. 

3.3 The new measurement method 

In this measuring method, the principle is to use the drives own hardware as much as 

possible for measuring purposes. The estimation of equivalent series resistance ESR and 

capacitance C is done by measuring the DC link voltage and motor stator current, when-

ever the motor is stopped. There is no torque induced in the motor because the current 

flows only in one direction. Figure 15 shows a schematic of converter circuit, where the 

DC link capacitor is modeled as a series connected ESR and C equivalent circuit. The 
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thick blue line in Figure 15 is for helping to follow the current flow to the stator from the 

capacitor bank in discharging mode. 

The capacitor voltage is applied to the motor stator winding by using semiconductor 

(IGBT) switches S1, S2 and S6. S1 is switched with the constant duty ratio and frequency. 

S2 and S6 are constantly closed and other switches are open. When S1 is opened current 

freewheels through the freewheeling diode D4 and through the switches S2 and S6. 

 

Figure 15. Schematic of converter circuit, where the DC link capacitor is modeled as series connected ESR, C 

equivalent circuit. The thick blue line illustrates current flow when in discharge mode. 

The values of ESR and capacitance are estimated during the capacitor discharge mode, 

when the charging current id is zero in which case the capacitor’s current ic equals to the 

stator current is. Then the following equation can be applied 

 𝑖c  =  −𝑖s (16) 

The rate of decrease uc and the DC link voltage ud measurement can be expressed as 

 d𝑢c

d𝑡
=

1

𝐶
𝑖c = −

1

𝐶
𝑖s (17) 

 𝑢d = 𝑢c + 𝑅c𝑖c = 𝑢c − 𝑅c𝑖s, (18) 

where Rc is capacitor’s series resistance. 
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It can be seen from equation (18) that the voltage ripple in ud is proportional to the product 

of the Rc and stator current is. For estimating the ESR and C parameters the following 

equations can then be derived from equations (17) and (18). 

 
𝐸𝑆𝑅 = �̂�c =

Δ𝑢d

𝐼s
 (19) 

 �̂� =
𝐷·𝑇s·𝐼s

Δ𝑢c
, (20) 

where D is the duty ratio and Ts is the switching period, which together determine the dis-

charge time period. 

In this measuring method the DC link capacitor’s ESR and capacitance can be determined 

by using simple Equations 19 and 20. Figure 16 illustrates the operating principle, where 

S1 and S6 are the switches and Is is the stator current shown earlier in Figure 15. 

 

Figure 16. Operating principle. 

The new method allows fast measuring, because there is no need to disconnect the ca-

pacitors from the DC link or disconnect the motor from converter. As mentioned earlier, 

since the existing converter hardware is used for testing, the additional hardware or 

equipment requirement is also minimal.  

The methods proposed in (Lee et al. 2005 & Venet et al. 2002 & Thanh Hai Nguyen, 

Dong-Choon Lee 2015) require additional hardware and/or measurements, or intensive 

computation for implementation, which limits their use for DC link condition monitoring. 
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4. RESEARCH METHODS 

The research problem was to find out measurement method for measuring DC link capaci-

tors, which would be suitable for field conditions and would be sufficiently reliable and 

accurate. 

The study began by searching answers to the research problem by familiarizing to litera-

ture. After finding suitable measurement method the frequency converter was selected. 

The capacitors were disassembled from the converter’s DC link and actual values were 

measured with impedance analyzer. On the basis of the frequency converter type and the 

measurement method, the simplified model for the simulation was created. After the simu-

lations and measurements with the frequency converter, the results were compared. Re-

search structure is described in Figure 17. 

 

Figure 17. Research structure. 

4.1 Applied research method triangulation 

The evaluation of chosen DC link capacitors measurement method is based on simula-

tions, actual measurements and literature research. This is a quantitative research based 

on numerical measurement data. In this study triangulation method is applied Figure 18 by 

comparing the results of different methods with each other. 
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Figure 18. Triangulation of the research methods. 

The purpose of using triangulation is for helping to solve the research problem and to in-

crease the reliability of the study. 

4.2 Literature research 

The literature review was selected as one of the research method aim to familiarize the 

researcher and reader to the study of the basic concepts and to seek new methods for 

measuring DC link capacitors and also to find support for now chosen and applied meas-

urement method. Most useful data and concepts of this study are presented in Chapter 2. 

To the research questions response were sought from professional books, scientific arti-

cles and sources obtained through internet search, such as component manufacturers’ 

websites. Information retrieval was facilitated by databases such as the IEEE, Elsevier 

and EBSCO. 

Information retrieval was an ongoing process that continued as the work progressed and 

when new questions rose. The found information was compared to the research results 

and observations. 
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4.3 Simulation 

In this work simulation was made with Cadence™ OrCad. It provides easy access to 

component databases and part information thereby it reduces the amount of time spent 

for researching existing parts. Also the use of Matlab / Simulink was considered but find-

ing the correct transfer functions that accurately describe the behavior of the system can 

be more difficult. 

The Figure 19 shows simplified simulation model of ACS60403206 converter. The re-

sistances connected parallel with DC link capacitors are discharging resistors. In simula-

tion model the inverter is modelled with two part, named in simulation program V-SWITCH 

and VPULSE, where VPULSE (V1) controls V-SWITCH (S1) with constant duty and fre-

quency. Controlling parameters PW and PER are the pulse width and period, TR and TF 

are the voltage rise and fall times. The induction motor is modelled as a single-phase 

equivalent circuit, where Rs is the stator resistance, Lsl is the leakage inductance of the 

stator, Lm is the magnetizing inductance of the motor, Lrl is the rotor leakage inductance 

of the motor referred to the stator, and Rr is the rotor resistance referred to the stator. The 

ideal freewheeling diode is named D7. The three-phase supply section is modelled with 

six ideal diode, three line inductance and resistance and voltage source which part name 

is called VSIN. 

 

Figure 19. Simulation model of ACS60403206 converter for DC-link capacitor testing purposes. 

Before simulation the DC link capacitors were measured with the Wayne Kerr 6500B im-

pedance analyzer (Figure 25) to find out valid ESR and C values for the simulation model. 



35 
 

The simulation supply voltage is 690 V and the frequency is 50 Hz. The switch controlling 

pulse width time PW is 48 us and the time of period PER is 400 us. These times equals 

inverter’s IGBTs switching times which are controlled by DTC motor control, when 30 ms 

constant magnetizing time is typically used. 

The motor's test report and the calculated motor model values of the converter are utilized 

for modeling the motor in the simulation model. The motor model parameters of the DTC 

control are calculated always at the first time when the motor is rotated. Table 1 shows the 

type and values of the motor used in the testing and also the calculation results of DTC 

motor control. In Table Rs,DTC is the estimated stator resistance, Ls,DTC is the estimated 

stator inductance, σls,DTC is the estimated leakage inductance and 𝜏r,DTC is the estimated 

time constant of the rotor. 

Table 1. Simulated motor type, motor nominal values, and calculated motor model parameters. 

Motor type HXUR 50562 B3 

Nominal values 75 kW, 660 V, 82 A, cos φ 0.87, 1472 r/min, 50 Hz 

ACS600 parameter Rs,DTC value 84.60 mΩ 

ACS600 parameter Ls,DTC value 51.12 mH 

ACS600 parameter σls,DTC value 2.33 mH 

ACS600 parameter 𝜏r,DTC value 695.8 ms 

4.4 Experimental measurements 

This chapter is divided into two sections, the first section deals with the frequency con-

verter measurements and the latter deals with the impedance analyser measurements. 

4.4.1 Frequency converter measurements 

The experimental measurements are done with two ACN63401003 inverter units, which 

are used in ABB’s multidrive construction shown in Figure 22 and for one single drive 

ACS60403206 converter module to verify the validity and suitability of the measurement 

method. Of these, the first two are carried out by measuring the used and new capacitors, 

while the latter is carried out by measuring the used capacitors. 

The both measurements and simulations are performed with an ACS60403206 converter, 

which has power capacity of 320 kVA at 690 V and it contains six pulse diode rectifier. In 

the first measurement all the capacitors are connected to the DC link, in the second 



36 
 

measurement one capacitor 13.1 is disconnected from the DC link, in the third simulation 

two parallel capacitor 13.1 and 13.2 are disconnected from the DC link and in the last 

measurement capacitors 11.1, 12.1, 13.1 and 13.2 are disconnected from the DC link. 

ACN63401003 inverters measurements are carried out by measuring first the left side 

inverter (Figure 22) with the used DC link capacitors and after that by adding the right side 

inverter to the common DC link and measuring again. After this, the measurements are 

repeated with new capacitors. ACN63401003 is inverter module whose supply comes 

from separate supply section which in this case was Thyristor Supply Unit (TSU). This 

inverter’s power capacity is 100 kVA and nominal voltage is 400 V. Table 2 shows test-

setup devices. 

Table 2. Test setup devices for measuring DC link capacitor. 

Device Type 

Converter ACS60403206 

Inverter I, II ACN63401003 

Cable H07RN-F 4x16 mm
2
, length 10 m 

Motor HXUR 50562 B3, 75 kW 660 V 82 A 

 

ESR and capacitance estimation is done by reading the motor stator current and the DC 

link voltage from the oscilloscope’s figure. The actual values of ESR and capacitance of 

the DC link capacitors are measured with an impedance analyzer and the temperature of 

the capacitors with an IR-thermometer. The measurements are carried out by using cali-

brated measuring instruments. 

For safety reason special attention should be taken when selecting proper measuring 

equipment and performing measurements, because in the DC link can apply over 1000 

voltage and high short-circuit power. The measurement devices that are used are listed in 

Table 3. 

Table 3. Measurement equipments. 

Impedance analyzer Wayne Kerr 6500B 

Voltage probe Tektronix P5100 2500 V 250 MHz 

Current probe Fluke 80i-500s AC/DC current probe 

Oscilloscope Fluke 199C 200 MHz 

Oscilloscope Tektronix DPO4050 500 MHz 

IR thermometer Fluke 561 
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The measurements are carried out by taking advantage of the frequency converter’s DTC 

control. The converter is capable of producing six active and two zero vectors. The DC 

magnetization is realized by using a single active vector with zero vectors to realize suita-

ble DC-magnetization level before starting the motor. Normally the DC magnetization of a 

low voltage AC motor is used to have higher breakaway torque at start, but in this case it’s 

suitable because of how it controls switches. The experimental measurements were car-

ried out by using 30 ms constant DC magnetization time. Figure 20 presents DC link volt-

age (blue curve) and stator current (green curve) as a function of a time when 30 ms con-

stant DC-magnetization time is used. 

 

Figure 20. The constant 30 ms DC magnetization time for ACS60403206. 

The Figure shows that the stator current increases and the DC link voltage decreases 

rapidly at the beginning of magnetization as there is an abrupt change in the current link-

age of the stator. The current linkage tries immediately to alter the main flux of the motor. 

The rotor windings react strongly and resist the change by forcing the flux created by the 

stator winding of the motor to leakage paths in the vicinity of the air gap. The motor's state 

can now be described by the transient state, where the rotor manages to react only by its 

leakage inductances, and hardly any current flows through the magnetizing inductance 

(Pyrhönen et al. 2008). The increase of stator current is limited by the current controller. 

After the rapid stator current rise, the current starts to degrease and the DC link voltage 

starts to rise again according to the charging cycles of the rectifier. Motor’s state is now in 
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transition from transient state to steady state. Now more current starts to flow through the 

magnetizing inductance.  

Figure 21 shows principal structure of the inverter phase module, to where voltage probe 

and current clamp is connected. Figure 22 shows two measured ACN63401003 inverters, 

one connected and under testing. 

 

Figure 21. Principle of the measurement circuit. 
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Figure 22. Inverter ACN63401003 is under testing. 

Before performing the measurements the ambient room temperature is measured and 

monitored during the measurements. Temperature is measured on the surface of the ca-

pacitors. 

The DC link capacitors measurements utilize ABB’s DriveWindow program, which allows 

parameterization, monitoring and controlling the drive by computer. The important param-

eters are checked and changed if necessary according to Table 4. 
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Table 4. Parameters to be checked from ACS600 drives. 

PARAMETER DESCRIPTION 

Actual values to check 

01.10 ACS600 TEMP Measured heatsink temperature 

01.14 OP HOUR COUNTER Elapsed time counter. Runs when the control board is pow-
ered. 

01.15 KILOWATT HOURS kWh counter. Counts inverter output kWh during operation 
 

01.30 PP1 temp Measured heatsink temperature 

Parameters settings, to be checked or changed 

20.01 MINIMUM SPEED 0 rpm 

20.02 MAXIMUM SPEED 0 rpm 

20.03 MAXIMUM CURRENT 200 % Ihd 

20.04 MAXIMUM TORQUE 300 % 

21.01 START FUNCTION CSNT DC MAGN 

21.02 CONST MAGN TIME 30ms 

99.04 MOTOR CTRL MODE DTC 

99.06 MOTOR NOM CURRENT To be checked 

 

The parameters to write down are the operating hours counter par.01.10 and the kWh-

meter par.01.15. From these parameters operating hours counter tells capacitors elapsed 

lifetime, while dividing the kWh meter value by the operating time provides information 

about inverter average load. These parameters can be used as a guide for estimating the 

remaining lifetime of the capacitors. Also the heatsink temperature is good to check from 

the actual values, although the temperature reading will begin to show the correct values 

only beyond 30 °C. 

ESR and capacitance determination 

Calculation of ESR and C values are based on measurements of the DC link voltage and 

the motor stator’s current. Measurements are carried out during the capacitors discharge 

cycles. Figure 23 is an example of the real measurement, where one 48 µs magnetization 

pulse is fed to the motor stator. The red line presents the DC link voltage UDC and the blue 

line presents the stator current is.  

The Figure illustrates situation where the first magnetization pulse has ended and the 

second pulse is about to begin. In the figure the magnetization pulse is illustrated by a 

switch. At first the switch is open and the stator current freewheels through the freewheel-
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ing diode back to the DC link. At this point the DC link voltage and the stator current stay 

in constant magnitude. After the switch closes (pulse), the current starts to increase in 

which case the DC link voltage drops rapidly. After the rapid voltage drop, the voltage de-

crease slows down due to the total ESR of the capacitor bank. When the switch opens, 

the stator current starts to freewheel again and the DC link voltage rises rapidly to a level 

which is now lower as it was before the switch was closed. Now the stator current and the 

DC link voltage stay in constant magnitude again. 

The Figure displays how to estimate values; Δuc, Δud and is. The Δuc, is the voltage differ-

ence between two levels, before and after the pulse. The first voltage level is obtained 

from the point where the switching oscillation starts (before the switch closes) and the 

second at the point where the switching oscillation is damped (the switch is open). Δuc 

value is used for the capacitance calculation. The value of Δud is the voltage difference 

between the lowest point of the voltage dip just before the switching oscillation starts and 

the voltage level after the switching oscillation has damped. This value is used for the 

ESR calculation. The value of stator current is is determined in the point where the switch 

goes off, before the oscillation starts. This value is used for both the capacitance and the 

ESR calculation. After determining the value of Δuc, Δud and is, the capacitor bank's the 

total capacitance and ESR value can be calculated according to Equations 19 and 20. 

 

Figure 23. ESR and C estimation from the oscilloscope’s figure. 
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Figure 24 illustrates a situation where the DC link capacitors are in charging or discharg-

ing mode. The Figure is obtained by using the previously presented simulation model, 

Figure 19. In Figure upper plot presents DC link voltage UDC, lower plot presents capacitor 

current ic. The red square describes the area where the capacitors are in discharging 

mode. In this situation the stator current is equals the capacitor bank’s current ic, while in 

the charging situation the stator current consists both the rectifier current and capacitor 

bank's current. In discharge mode the current fed to the stator is purely negative, while in 

charging mode it is influenced by the rectifier current resulting lower amplitude negative 

current than in the discharge mode. The level of DC link voltage UDC between the dis-

charges remains at a constant value while in the charging mode the UDC level between the 

discharges will begin to rise. The influence of the capacitors charging current to the 

measured DC link voltage waveform can be seen in Figure 20 blue curve and in Figure 24 

upper plot. 

 

Figure 24. Capacitor bank’s current and the DC link voltage when in discharge and charge mode. 

4.4.2 Impedance analyzer measurements 

The frequency responses of the DC link capacitors are measured with impedance analyz-

er. The analyzer gives the measurement values of the capacitor impedance and the 

phase angle as a function of frequency. Based on the measurement data obtained, the 

ESR and the capacitance values of the capacitors are then calculated. These values are 

then used in the simulations model. The room temperature is measured, which equals the 
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temperature of the capacitors. Figure 25 shows the impedance analyzer which is con-

nected to the capacitor to be measured. 

 

Figure 25. Capacitor measurement with the impedance analyzer. 

Table 5 lists capacitors nominal values provided by the manufacturers. In Table Cr is rated 

capacitance, Ur is rated voltage, Tr is rated maximum operating temperature, Ir is rated 

ripple current, IL is maximum leakage current and RESR is maximum internal series re-

sistance. 

Table 5. Main rated values of investigated capacitors. 

Capacitor type Cr [µF],Ur [V], Tr [°C], Ir [A] 
Max. IL @  

[mA] 
Max. RESR [mΩ] 

 

BHC 
ALS 31C1016XX* 

3300, 350, 85, 
- 

6 
@350 V 

52 

@100 Hz, 20°C 

Epcos 
B43586-S4338-Q4 

3300, 350, 85, 11.5  

@100 Hz, 85 °C, 280 V 

18 
@280 V 

85 

@100 Hz, 20°C 

BHC 
ALS 31C1021XX* 

4700, 385, 85, 18.66 

@100 Hz, 85 °C 

2,2 
@385 V 

17 

@100 Hz, 25°C 

* the type of used capacitor. 

Table 6 presents the end of life criteria of measured capacitors provided by the manufac-

turers and the converters where they are used. 



44 
 

Table 6. Capacitors end of life criteria provided by the manufacturers compared to the original C0 and ESR0 
values. 

Capacitor type End-of-life criterion Where used 

BHC 
ALS 31C1016XX* 

C=0.9·C0, ESR=2·ESR0 ACN63401003 

Epcos 
B43586-S4338-Q4 

C=0.8·C0, ESR=3·ESR0 ACN63401003 

BHC 
ALS 31C1021XX* 

C=0.9·C0, ESR=2·ESR0 ACS60403206 

4.5 Numerical and statistical analysis 

Numerical analysis is based on the values obtained from the measurements. The meas-

urement values’ from simulation and converter are compared to the analyzer values. 

Measured values processing is done using the Microsoft Excel spreadsheet program and 

Mathworks ™ Matlab software. 

4.6 Reliability analysis 

The reliability of the study is evaluated by comparing the results obtained from the simula-

tions, measurements, and literature to each other, and if the results of different methods 

are not contradicting, the definition of the reliability of analysis is realized. The following 

two sections deal with the reading uncertainty of the experimental measurement and 

measurement equipment uncertainty. 

 

Reading uncertainty 

The reading uncertainty of the experimental measurement is evaluated by a repetition test 

with two separate oscilloscope figures. Each triggered figure contained three evaluable 

pulses as shown in Figure 26 which were read four times to estimate ESR and capaci-

tance values.  
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Figure 26. Oscilloscope measurement with several pulses to be estimated. 

Measuring instruments uncertainty 

The basic measurement accuracy for the 6500 series of Precision Impedance Analyzers 

for capacitance (Wayne Kerr Electronics Ltd 2008), inductance and impedance measure-

ments is ±0.05%, which varies according to manufacturer with frequency, drive level and 

measured impedance. The analyzer measurement uncertainty is tested with repetitive 

measurements. The parameters used for estimation uncertainty are ESR, capacitance 

and inductance. The same measurements are repeated four times with four different ca-

pacitors between measurements the capacitor is disconnected. 

The measurement accuracy for the ScopeMeter Fluke 199C (Fluke Ltd. 2009) is present-

ed in Table 7. All accuracies are valid when the waveform amplitude is larger than one 

division and at least 1.5 waveform period is on the screen. 

Table 7. Measurement uncertainty for the ScopeMeter Fluke 199C. 

Coupling mode Frequency Accuracy 

DC DC to 60 Hz ±(1.5 % + 10 counts) 

AC 50 Hz ±(2.1 % + 10 counts) 

AC or DC 60 Hz to 20 kHz ±(2.5 % + 15 counts) 

AC or DC 20 kHz to 1 MHz ±(5 % + 20 counts) 

The temperature influence to the accuracy, 0.1x (specific accuracy) for each °C below 18 °C or above 28 °C 

must be added to the uncertainty. 
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The measurement accuracy for the current probe Fluke 80i-500s (Fluke Ltd. 1994) is pre-

sented in the Table 8. 

Table 8. Measurement uncertainty for the current probe Fluke 80i-500s. 

Frequency Current range Error Phase shift 

45 to 65 Hz 1 to 20 A 5% of reading + 0.3 A Not Specified 

 20 to 100 A 5% of reading ±3° 

 100 to 500 A 2% of reading ±1° 

The temperature influence to the accuracy, an additional percent of <0.15% per 10°C for temperatures from -

10 to 18°C and from 28 to 50°C must be added to the uncertainty. The output rate is 1mV/1A.  

Temperature has a minor effect on the accuracy of measurement instruments, since the 

measurements are normally performed indoor where temperatures are normally between 

18 °C and 28 °C.  

The combined standard uncertainty can be calculated by squaring the uncertainties, add-

ing them all together, and then taking the square root of the total, 

 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = √𝑎2 + 𝑏2 + 𝑐2 … (21) 

The combined standard uncertainty for the current probe and ScopeMeter when the 

measured current range is 20 to100 A and frequency range is 60 Hz to 20 kHz is about 3 

%. So the total uncertainty is so small that there is no qualitative influence on the meas-

urement result. 

4.7 Ways to illustrate the results 

The measurement values obtained from the oscilloscope and analyzer were processed 

with Microsoft Excel spreadsheet application and MathWorks™ Matlab software. The re-

sults are presented with Figures and Tables. 
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5. RESULTS 

This chapter is divided into five sections. The first section covers the results of literature 

review. The second section deals with ACS60403206 converter simulation and measure-

ment, and the third one reports the measurement with ACS63401003 inverter. In the 

fourth section, three investigated capacitor types are compared with each other and in the 

last section the measurement uncertainty results are presented. 

5.1 Literature review 

The observations from the results of the literature review are presented in this section. 

Previous studies have shown that aluminum electrolytic capacitors are widely used in 

power supplies and converters due to their large capacitance per volume and low cost per 

capacitance. This capacitor type’s shortcomings can be considered to be its low reliability 

and life expectancy. 

The main factors mentioned in literature influencing the aging are temperature, vibration, 

overvoltage and ripple current, which may be caused by the environment or by poor appli-

cation design. Dominant failure modes are open circuit and wear out. The primary wear 

out failure mechanisms are evaporation of the electrolyte solution and electrochemical 

reaction. 

Regarding to the bibliographic database Scopus, when using keywords like “aluminum 

electrolytic capacitor”, “capacitor aging” and “capacitor reliability”, it can be noted a grow-

ing trend of documents produced per year. This suggests the subject is still topical. 

Using keywords like “DC link capacitor condition monitoring,” revealed how few new 

measurement methods was available. 

According to previous research, condition monitoring techniques are divided to the online 

and offline techniques. In online techniques the implementation requires more advanced 

accounting and often also external hardware when comparing to the offline measure-

ments. A common implementation method in online technique was to use a separate 

power source to produce current injection to DC link and utilize a microcontroller for 

measuring and signal processing purposes (Vogelsberger et al. 2011). 
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In this research previously studied (Kwang-Woon et al. 2008) off-line measurement meth-

od of DC link capacitor was applied. Based on previous research, method has proven to 

be promising according to the results of simulation and experimental measurements. 

5.2 ACS60403206 converter 

This section is divided into the three sub sections, the first sub section deals with simula-

tion, the second with impedance analyser measurements and the last with the results ob-

tained from the frequency converter measurements. 

5.2.1 Simulation 

The simulations were carried out with a simulation model of ACS60403206 converter, 

shown earlier in Figure 19. The capacitance of the capacitor bank was changed three 

times by disconnecting individual capacitors from the capacitor bank. Figure 27 shows the 

positions of capacitors, where the red rectangles illustrate the disconnected capacitors. In 

the Figure, for example capacitor named C11.1 is presented with simplified equivalent 

circuit diagram, where ESR11_1 is capacitor’s internal series resistance in mΩ and C11_1 

is capacitor’s capacitance in mF. 

 

Figure 27. Structure of ACN60403206 DC link capacitor bank. 

In the first simulation all the capacitors were connected to the DC link. In the second simu-

lation one capacitor 13.1 was disconnected, the third simulation covers two parallel capac-
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itor 13.1 and 13.2 disconnected and in the last simulation capacitors 11.1, 12.1, 13.1 and 

13.2 were disconnected.  

Figure 28 shows the simulation result, when all capacitors were connected to the DC link. 

Respectively, the other capacitor bank combination was simulated. After the simulations 

the ESR and the capacitance values were calculated according to Equations 19 and 20.  

 

Figure 28. Simulation results of the stator current and the DC link voltage, when all capacitors connected to 

the DC link. 

The simulated ESR and C values of capacitor bank are summarized in Table 9. 

Table 9. Total simulated ESR and C values of the ACS60403206 capacitor bank. 

 ESR [mΩ] C [mF] 

All capacitors connected 7.42 6.395 

Capacitor C13.1 disconnected 8.45 5.788 

Capacitors C13.1 and C13.2 disconnected 10.23 4.823 

Capacitors C11.1, C12.1, C13.1 and C13.2 disconnected 12.04 4.137 

 

5.2.2 Analyzer measurements 

The results of ACS60403206 individual capacitor’s ESR and capacitance values at 300 

Hz are presented in Table 10. 
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Table 10. ACS60403206 DC link capacitors’ ESR and capacitance values measured with the impedance 
analyzer. 

Frequency converter: ACS60403206 

Measuring temperature 22 °C at 300Hz 

Used capacitors: manufactured 1999/16 
Manufacturer: BHC 
Type: ALS 31C1021XX 
Rated values from the data sheet: ESRmax. 17 mΩ, Cr 4.7 mF 
End-of-life criterion: 0.9·Cr, 2·ESRmax 

Position number in simulation model ESR [mΩ] C [mF] 

11.1 9.3 4.646 

11.2 9.8 4.644 

11.3 10.1 4.680 

11.4 10.2 4.647 

12.1 9.5 4.644 

12.2 10.4 4.688 

12.3 10.1 4.589 

12.4 9.8 4.670 

13.1 9.3 4.629 

13.2 10.3 4.652 

13.3 11.5 4.677 

13.4 10.0 4.636 

 

Table 10 shows that all capacitors are clearly inside the manufacturer’s tolerance at 300 

Hz. In Tables 11—14 are the total measured and simulated ESR and capacitance values 

of the capacitor bank and the simulation error rates. 

Table 11. Measured and simulated values of ESR and C, and simulation error rate, when all capacitors were 
connected to the DC link. 

 ESR C 

Analyzer values @ 22°C, 300Hz 7.49 mΩ 6.200 mF 

Simulated values 7.42 mΩ 6.395 mF 

Error rate -0.9 % 3.1 % 
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Table 12. Measured and simulated values of ESR and C, when capacitor 13.1 disconnected from DC link. 

 ESR C 

Analyzer values @ 22°C, 300Hz 8.46 mΩ 5.583 mF 

Simulated values 8.45 mΩ 5.788 mF 

Error rate -1.2 % 3.7 % 

 

Table 13. Measured and simulated values of ESR and C, and simulation error rate, when capacitors C13.1 

and C13.2 disconnected from DC link. 

 ESR C 

Analyzer values @ 22°C, 300Hz 10.31 mΩ 4.654 mF 

Simulated values 10.23 mΩ 4.823 mF 

Error rate -0.8 % 3.6 % 

 

Table 14. Measured and simulated values of ESR and C, and simulation error rate, when capacitors C11.1, 
C12.1, C13.1 and C13.2 disconnected from DC link. 

 ESR C 

Analyzer values @ 22°C, 300Hz 12.07 mΩ 3.990 mF 

Simulated values 12.04 mΩ 4.137 mF 

Error rate -0.2 % 3.7 % 

 

From the simulation results can be seen that estimation error is minor with all measured 

DC link capacitor combination. Figure 29 and Figure 30 presents individual capacitors' 

ESR and capacitance values as a function of frequency. In Figure 30 the red dotted line 

illustrates average value of all 12 capacitor’s capacitance. 
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Figure 29. ACS60403206 DC link capacitors' ESR values as a function of frequency, 20 Hz—500 Hz. 

 

 

Figure 30. ACS60403206 DC link capacitors' capacitance values as a function of frequency, 20 Hz—500 Hz 

measured with the impedance analyzer. The red dotted line is average value of all 12 capacitors. 

In Figure 29 and Figure 30 can be seen only low dispersion between capacitors. One ca-

pacitor’s ESR value is slightly higher, and one capacitor’s capacitance slightly lower than 

the others. 
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5.2.3 Converter measurement 

The measurements with ACS60403206 converter were carried out by changing the ca-

pacitance of the capacitor bank, as previously in simulation section. Table 15 shows the 

difference of converter's total ESR and capacitance values between the experimental 

measurement and the impedance analyzer as a percentage. In the table Roman numerals 

denote separate measurements. 

Table 15. The difference of converter's total ESR and capacitance values between the experimental meas-
urement and the impedance analyzer measurements as a percentage. 

Measured converter: ACS60403206 
DC link capacitor type: BHC ALS 31C1021XX 

All capacitors 
connected 

Capacitor 
13.1 

disconnected 

Capacitor 
13.1 and 13.2 
disconnected 

Capacitor 
11.1, 12.1, 13.1 and 
13.2 disconnected 

 ESR C  ESR C  ESR C  ESR C 

I 34 % 2 %  18 % -9 %  15 % -9 %  28 % 0 % 

 51 % -3 % I 8 % 11 % I 4 % 5 % I 11 % 7 % 

II 6 % 12 %  24 % 24 %  7 % -1 %  17 % 0 % 

 10 % 22 %  15 % 10 %  9 % -10 %  15 % 3 % 

 28 % 36 %  25 % 57 %  14 % 4 %  6 % -1 % 

III 44 % 20 % II 17 % 31 % II 10 % -1 % II -6 % -19 % 

 4 % 11 %  6 % 19 %  9 % 9 %  9 % 0 % 

 5 % 9 %  23 % 19 %  19 % 3 % III 20 % 6 % 

 

Based on the results of the individual measurements the biggest error rate is 57 % with 

capacitance measurement and 51 % with ESR measurement. Table 16 shows calculated 

standard deviations based on the above table. 
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Table 16. The standard deviation of ACS60403206 DC link capacitor measurements. 

Measured converter: ACS60403206 
DC link capacitor type: BHC ALS 31C1021XX 

All capacitors connected Capacitor 
13.1 
disconnected 

Capacitor 
13.1 and 13.2 
disconnected 

Capacitor 
11.1, 12.1, 13.1 and 
13.2 
disconnected 

ESR C ESR C ESR C ESR C 

19 % 12 % 7 % 19 % 5 % 6 % 10 % 8 % 

 

The table shows that the biggest standard deviation with ESR and capacitance value is 19 

percent, when all capacitors are connected or just one capacitor is disconnected from the 

DC link. 

5.3 ACS63401003 inverter 

This section is divided into the two subsections, measurements with the impedance ana-

lyzer and measurements with two inverters. 

5.3.1 Analyzer measurements 

Figure 31 illustrates the position of individual capacitors in the capacitor bank. On the ba-

sis of this, the total ESR and capacitance values have been calculated. In the Figure, for 

example capacitor named C1 is presented with simplified equivalent circuit diagram, 

where ESR1 is capacitor’s internal series resistance in mΩ and C1 is capacitor’s capaci-

tance in µF. 
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Figure 31. Structure of ACN63401003 DC link capacitor bank. 

 

The results of ACN63401003 individual capacitor’s ESR and capacitance values at 300 

Hz both old and new capacitors are presented in Table 17. 

Table 17. ACN63401003 DC link capacitor’s ESR and capacitance values measured with the impedance 
analyzer. 

Inverter: ACN63401003 

Measuring temperature 22 °C at 300Hz 

 Used capacitors: manufactured 
2001/45 

Manufacturer: BHC 
Type: ALS 31C1016XX 

Rated values from the data sheet: 
ESRmax 52 mΩ, Cr 3.3 mF 

End-of-life criterion: 0.9·Cr, 2·ESRmax 

New capacitors: manufactured 
2014/09 

Manufacturer: EPCOS 
Type: B43586-S4338-Q4 

Rated values from the data sheet: 
ESRmax 82 mΩ, Cr 3.3 mF 

End-of-life criterion: 0.8·Cr, 3·ESRmax 

Inverter Position 
ESR(x), 

C(x) 
ESR [mΩ] C [mF] ESR [mΩ] C [mF] 

I 1 13.8 3.163 19.7 3.142 

2 15.0 3.192 21.0 3.157 

3 15.0 3.115 20.7 3.154 

4 14.3 3.156 20.6 3.152 

II 1 14.8 3.117 20.2 3.152 

2 14.2 3.139 20.6 3.140 

3 14.4 3.158 20.2 3.135 

4 14.0 3.143 20.1 3.128 
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Also one unused capacitor of type ALS 31C1016XX was measured. The measurement 

results have been used in comparisons to the same type old capacitors. The unused ca-

pacitors ESR was 14.9 mΩ and capacitance was 3.214 mF. This old type capacitor was 

later replaced by now measured Epcos capacitors. By comparing unused same type ca-

pacitor to the used capacitors values reveals that there is only minor change in the ESR 

and capacitance values, even though capacitor was manufactured already in 2001. 

Table 17 shows that all capacitors are clearly inside the manufacturer’s tolerance at 300 

Hz. In Table 18 are the results of measured total ESR and capacitance values of inverter I 

and II. 

Table 18. Total ESR and capacitance values of inverter I and II based on the analyzer measurements. 

 Used capacitors New capacitors 

 ESR [mΩ] C [mF] ESR [mΩ] C [mF] 

Inverter I 14.5 3.156 20.5 3.151 

Inverter II 14.3 3.139 20.3 3.139 

 

In Table 18 it can be seen that the difference of the total capacitance value between the 

used and new capacitors is minor at 300Hz, even if the used capacitors have been used 

for years. The nominal ESR value is smaller with the used type of capacitor. 

Figure 32 shows both inverters’ capacitors ESR values as a function of frequency, where 

the blue lines presents the used capacitors ESR values and the red line unused capaci-

tor’s ESR value. Figure 33 shows respectively new capacitors values after inverters’ up-

date. 



57 
 

 

Figure 32. ACN63401003 DC link capacitors' ESR values as a function of frequency, 20 Hz—500 Hz. The 
blue lines present the used capacitors before updating the inverters and the red line illustrates the unused 
capacitor. 

 

 

Figure 33. ACN63401003 DC link capacitors' ESR values as a function of frequency, 20 Hz—500 Hz. The old 

capacitors have now been replaced by the new ones. 

Figure 34 shows used capacitors capacitance values as a function of frequency, where 

dotted red line presents average value of all 8 capacitor’s capacitance (inverter I and II 

capacitors). In Figure the black line presents same type of unused capacitor’s capaci-

tance. This capacitor type is no longer manufactured. Figure 35 shows new capacitors 
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capacitance values after the inverter updates as a function of frequency, where red dotted 

line presents average value of all 8 capacitor’s capacitance. 

 

Figure 34. ACN63401003 DC link capacitors' capacitance values as a function of frequency, 20 Hz—500 Hz. 
The red dotted line illustrates the average value of all 8 used capacitors’ capacitance and the black line un-
used capacitor. 

 

 

Figure 35. ACN63401003 DC link capacitors' capacitance values as a function of frequency, 20 Hz—500 Hz. 
The red dotted line illustrates the average value of all 8 capacitors’ capacitance. The inverters are now updat-
ed with the new capacitors. 

 

When the Figures are compared with each other it can be noticed that the used capaci-

tors’ capacitance varies considerably more than new ones’ and the deviation of the capac-
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itance is larger when the frequency increases. Figure 34 also shows that unused capaci-

tors’ capacitance is higher and degreases less than used ones’ as a function of frequency. 

Figure 36 illustrates both inverters’ capacitors’ self-resonant frequency, where the blue 

curves presents used capacitors and the red curve unused capacitor. 

 

Figure 36. ACN63401003 DC link capacitors' capacitance values as a function of frequency, where the blue 

lines presents used capacitors before updating the inverters and the red line unused capacitor. 

The Figure shows that the self-resonant frequency of the new capacitor is lower than the 

ones of the used capacitors due to bigger capacitance. 

5.3.2 Inverter measurements 

The ACN63401003 inverter’s DC link capacitor measurements were carried out by meas-

uring first the left side inverter (Figure 22) with used capacitors and after that by connect-

ing the right side inverter to the DC link and measuring again. After inverter’s update pro-

cess the measurements were repeated with the new capacitors. Table 19 shows the dif-

ference of inverters total capacitance and ESR values between the inverter measurement 

and the impedance analyzer as a percentage. In the table Roman numerals denote sepa-

rate measurements. 
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Table 19. The difference of inverters’ total ESR and capacitance values between the experimental measure-
ment and the impedance analyzer measurements as a percentage. 

Measured inverter: ACN63401003 

Used DC link capacitor type:  
BHC ALS 31C1016XX 

New DC link capacitor type:  
Epcos B43586-S4338-Q4 

Inverter I Inverter I+II Inverter I Inverter I+II 

 ESR C  ESR C  ESR C  ESR C 

I 2 % 2 %  -2 % 25 %  -2 % -6 %  -7 % 11 % 

 -14 % 0 % I -1 % -21 % I 0 % -8 % I -3 % 9 % 

II -7 % -5 %  -5 % -10 %  -3 % -6 %  -4 % 11 % 

 -16 % -2 %  5 % 16 %  -4 % -10 %  -7 % 11 % 

 -10 % 0 %  2 % -16 % II -3 % -13 % II -7 % 3 % 

III -13 % 7 % II 7 % 13 %  2 % -11 %  -5 % 9 % 

 -12 % -5 %  0 % 4 % III -5 % -9 % III 0 % -3 % 

IV -11 % -7 %  3 % 23 %  -7 % -6 % IV -3 % 9 % 

 

Based on the results of the individual measurements the biggest error rate is 25 % with 

capacitance measurement and 16 % with ESR measurement. Based on the results of the 

previous table, Table 20 presents the measured standard deviations of ESR and capaci-

tance. 

Table 20. Standard deviation of ACN63401003 DC link capacitor measurements. 

Measured inverter: ACN63401003 

Used DC link capacitor type: 
BHC ALS 31C1016XX 

New DC link capacitor type: 
Epcos B43586-S4338-Q4 

ESR C ESR C ESR C ESR C 

1 % 2 % 1 % 6 % 1 % 1 % 1 % 2 % 

 

From the table can be seen that standard deviation is minor with the used and new capac-

itor. 
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5.4 Features of the three investigated capacitor types 

Figure 37 shows the measured capacitors’ relative standard deviation as a function of 

frequency, where the red and black lines presents the used capacitors’ capacitance of 

ACS60403206 and ACN63401003, the blue line presents new capacitors’ capacitances of 

ACS63401003. 

 

Figure 37. Relative standard deviation of capacitances as a function of frequency for measured capacitors, 20 

Hz—3000 Hz. 

It can be seen in the figure that the deviation of the capacitance is lesser with the new 

capacitors. Figure 38 shows the same thing in absolute values, where the red curve cor-

responds to 4700 µF capacitors and the black and blue curves 3300 µF capacitors, these 

capacitance values were capacitors’ nominal values. 
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Figure 38. Standard deviation of the capacitances in µF as a function of frequency, 20 Hz—3000 Hz. 

In the figure it can be seen that the deviation of capacitance increases as the frequency 

increases and with the used capacitors the change is bigger. Figure 39 shows all three 

different types of capacitors’ impedances as a function of frequency and phase. 

 

Figure 39. Impedances as a function of frequency and phase for measured capacitor, 20 Hz—1 MHz. 

Figure shows that the impedance decreases as the frequency increases until a resonance 

frequency is reached, wherein the impedance starts to rise again. 
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5.5 Measurement uncertainty 

This section is divided into two subsections, the first section deals with the uncertainty of 

impedance analyser and the second section deals with the uncertainty of reading meas-

urement values. 

5.5.1 Analyzer 

The analyzer measurement uncertainty was tested with repetitive measurements. The 

parameters used for estimation uncertainty were ESR, capacitance and inductance. The 

same measurement was repeated four times with four different capacitors, between 

measurements capacitor was disconnected. Table 21 shows repetition measurement re-

sults, where roman numerals denote separate measurements. 

Table 21. The results of repetition measurement for the impedance analyzer. 

Capacitor type: BHC ALS 31C1021XX 

Nro Capacitor 1 Capacitor 2 Capacitor 3 Capacitor 4 

 
ESR 
[mΩ] 

C 
[mF] 

L 
[nH] 

ESR 
[mΩ] 

C 
[mF] 

L 
[nH] 

ESR 
[mΩ] 

C 
[mF] 

L 
[nH] 

ESR 
[mΩ] 

C 
[mF] 

L 
[nH] 

I 8.2 4.552 123.9 8.2 4.548 124.1 9.0 4.575 127.1 8.8 4.526 128.8 

II 9.2 4.560 123.4 8.5 4.556 124.9 9.1 4.572 127.6 8.9 4.532 128.5 

III 8.3 4.553 120.2 8.7 4.552 121.9 8.9 4.572 127.4 8.9 4.527 128.0 

IV 8.2 4.548 124.1 8.6 4.553 125.8 8.7 4.572 126.0 8.9 4.534 127.4 

 

Table 22 shows relative error, to which was affected by the meter inaccuracies and the 

measuring circuit. 

Table 22. Measurement relative accuracy. 

 Accuracy [%] 

ESR 0.7 

C 0.0 

L 0.2 

 

Table 22 shows that the standard deviation of the measurement values is very small. 
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5.5.2 Reading uncertainty 

Measurement uncertainty in reading was evaluated by repetition test with two triggered 

oscilloscope’s Figure. Each triggered figure contained three evaluable pulses which were 

read four times to estimate ESR and capacitance values. Table 23 shows reading devia-

tion from measurement values. 

Table 23. Reading deviation from experimental measurement values. 

 Figure 1 Figure 2 

Pulse ESR C ESR C 

1 26 % 13 % 8 % -15 % 

2 19 % 11 % 10 % 14 % 

3 4 % 4 % 17 % 13 % 

1 26 % 13 % 8 % -15 % 

2 17 % 9 % 10 % 14 % 

3 4 % 4 % 17 % 13 % 

1 26 % 13 % 12 % 27 % 

2 19 % 11 % 4 % 22 % 

3 1 % 0 % -8 % 17 % 

1 45 % 42 % 8 % -15 % 

2 14 % 5 % 10 % 14 % 

3 -13 % -7 % 27 % 26 % 

 

Table 24 shows calculated standard deviations which are based on the above table 

Table 24. Standard deviation of reading uncertainty. 

 Figure 1 Figure 2 

Pulse ESR C ESR C 

1 10 % 15 % 2 % 21 % 

2 3 % 3 % 3 % 4 % 

3 8 % 5 % 15 % 6 % 

 

On the basis of the results in Table 24, it can be seen in that the ESR and capacitance 

reading inaccuracy can cause up to 21% variation for the same measurement. 
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5.6 Scientific contribution 

In this research, a new measurement method of DC link capacitors was developed. The 

measurements were carried out by taking advantage of frequency converter’s DTC control 

by using constant DC magnetization time. Previous studies where this method has been 

used, were not found in the literature. On the basis of the practical measurements, the 

following observations were done. 

The safety issue has a key role when considering the suitability of the new measuring 

method. Although in this measurement method the motor is not required to be rotated, this 

measurement is not without risks. Here are listed some potential risks: 

o risk of electric shock is always present if the safety regulations are not taken care 

of 

o the motor starts to rotate after the magnetization time is over, if the speed refer-

ence is not zero 

o magnetization activates running signal which can cause problems, if it is used for 

controlling other devices. This must be ensured. 

o if the parameters are modified for the measurement, those need to be restored to 

the original settings. 

 

On the basis of practical measurements carried out, a method can be considered safe 

when the correct measuring technique is taken care of. The observed pros and cons of 

the measuring method are listed below. 

 

Advantages of the measurement method: 

o fast measurement to perform 

o the simplicity 

o low investment cost. There are no requirements for additional hardware. 

o measures the total capacitance and ESR values of the capacitor bank. 

Respectively, disadvantages of the measurement method: 

o a single faulty capacitor is not necessarily discovered in the measurements 

o this measurement method is not suitable for measuring if the DC link voltage is 

actively adjusted 
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o possible interferences from measuring circuit (IGBT, control electronic, motor ca-

ble, motor). These can influence to the measurement by causing more oscillation 

and jitter to the stator current and the DC link voltage. 

o the jitter and the oscillation of the motor’s stator current and the DC link voltage 

affects to the measurement uncertainty 

o the lack of adjustment of the magnetization pulse width, which affects to the 

measurement accuracy. With a wider pulse width, the bigger variation of the sta-

tor current and the DC voltage could be achieved. 

The research revealed also how minor the changes can be in capacitor’s ESR and capaci-

tance values by comparing same type unused capacitor values to the used capacitors 

values; even if the capacitors are manufactured in 2001 and have been in use for over a 

decade. This is also supported by the calculated results based on Equation 11 illustrated 

in Figure 12, if the voltage and the temperature are within the allowable ranges or below 

them. 

By comparing the same type individual capacitors with each other, showed that there is 

minor deviation in ESR and capacitance values between capacitors. On this basis, it can 

be concluded that the capacitors’ aging takes place simultaneously and similarly. 

Based on the results of measurements and simulation it can be concluded that the total 

capacitance’s and the total ESR’s determination is possible by using a constant DC mag-

netization. The study also identified factors that affect the reliability of the measurement 

results and provided new information affecting the measurement uncertainties. 

5.7 Generalized results 

The investigated measurement method makes it possible to more quickly and easily de-

fine the frequency converter’s DC link circuit capacitors operating condition with a suffi-

cient accuracy. The measuring results can be used in predictive maintenance as a tool for 

decision-making. When the decision-making is easier and quicker, the reaction time will 

also be shortened; whether there is a need to replace the capacitors with new ones or 

make more detailed investigations. 

 

Now the developed measurement method has most significant influence on the measuring 

service and on the customers. Economically the target customers will benefit most due to 
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the improved reliability. It is also significant, that the renewal of the capacitors based on 

their operating condition will reduce the environmental load. 
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6. DISCUSSION 

6.1 Comparison and connections with former research 

Previous studies about the measurement of the frequency converter’s DC link electrolytic 

capacitor where operating principle is based on the constant DC magnetization feature of 

the DTC control, were not found in the literature. 

However, in some previous studies (Kwang-Woon et al. 2008) researchers have used the 

similar measurement method, which was now further developed. The results obtained in 

this research were compared to the previous studies. The results based on simulation and 

practical measurements confirm that the measuring method principle works. 

6.2 Objectivity 

This research is possible to perform again by using the same methods, regardless of re-

searcher. Practical measurements were based on independent and standardized measur-

ing equipment. 

Measurements were performed with three frequency converters; two of them were of dif-

ferent types. The simulation and measurements for the ACS60403206 converter were 

carried out by changing the capacitance of the capacitor bank. Four different combinations 

were used. The results based on the simulation, practical measurement and literature 

research supported each other. 

6.3 Reliability and validity 

The reliability of the study was evaluated by comparing the results obtained from simula-

tions, measurements, and literature. The calculations of the results are based on widely 

proven electrical engineering equations. In this measuring method, the measuring circuit 

includes the inverter switches (IGBT), the motor cable and the motor. So these factors 

may affect the measurement’s validity and reliability. Evaluations of these effects were 

excluded from the study. 
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The measurements were carried out using calibrated measuring instruments. The accura-

cies of the measuring devices were evaluated. In addition, repetitive tests for the analyzer 

were performed to find out its measuring uncertainty. The uncertainty of reading from os-

cilloscopes figure was also analyzed. 

The reliability of the simulation results depends on how accurate the simulation models 

are compared to real test setup. Now the used model contained ideal components, which 

do not actually exist in real life. However, the simulation model described the functionality 

of the measurement method accurately. 

The assessment of the measurement method was performed by measuring three different 

converters. The simulation and practical measurements for the ACS60403206 converter 

were carried out by changing the capacitance of the capacitor bank. Four different combi-

nations were used. The simulation and measuring results are consistent with the previous-

ly studied theory, simulation and measurements, which verify this study. 

6.4 Assessment of the results and sensitivity analysis 

Error and sensitivity analysis of the study was taken into account in the measuring equip-

ment, reading uncertainty and practical measurements. 

The error analysis of the measuring equipment took place in respect of the technical spec-

ification provided by manufacturers. In addition, the analyzer measurement uncertainty 

was investigated with repetition tests. In the repetition test the same measurement was 

repeated four times with four different capacitors. Between measurements the capacitor 

was disconnected. Based on the technical specification the combined accuracy for the 

measuring equipment was about 3 % and for the analyzer below 1%. 

The measuring reading uncertainty of the ESR and capacitance is caused by the DC link 

voltage jitter and current jitter. Thus, the determination of the precise reading point can be 

challenging, as it can be deduced in Figure 23. Measurement uncertainty in reading was 

evaluated by repetition tests with two triggered oscilloscope’s figures. Each triggered fig-

ure contained three evaluable pulses which were read four times to estimate ESR and 

capacitance values. Based on the results the biggest deviation with capacitance values 

was 21 % and with ESR values it was 15 %. This gives an idea of the sensitiveness of the 

reading for current and voltage jitter. However, to this matter can be influenced by reduc-
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ing the sampling frequency of an oscilloscope whereby the jitter is reduced and the image 

becomes more readable. 

For the simulation model the error and sensitivity analysis was not made, and it was left 

out from the subject. Practical measurements were performed with three frequency con-

verters; two of them were different types. The simulation and measurements for the 

ACS60403206 converter were carried out by changing the capacitance of the capacitor 

bank. Four different combinations were used.  

Based on the results of the simulation the biggest error for ESR was 1.2 % and for capaci-

tance 3.7 %. Table 25 shows both measured converter types’ biggest individual meas-

urement errors and the biggest deviations between measurements. 

Table 25 Biggest individual measurement error and deviation rates. 

Converter type ACS60403206 ACN63401003 

 ESR C ESR C 

Biggest individual measurement error [%] 51 57 16 25 

Biggest deviation between measurements [%] 19 19 1 6 

 

The results revealed that there is a bigger measurement error and deviation for 

ACS60403206 than ACN63401003, which can be a result of the larger capacitor bank. 

Because the temperature has a great impact on the capacitance and ESR values (Figure 

7), it has to be taken into account. It is important to notice the temperature also when 

comparing the results of the new measurements to the old results. The measurements 

must be done preferably when the temperature of the capacitor bank has levelled near to 

the ambient temperature. However, the measurement itself is fast; triggering a single 

measurement is less than 300 µs, so it does not greatly affect the capacitors’ warming. 

The measuring accuracy is affected by a capacitor bank design. A bigger capacitor bank 

contains more contact points which causes a bigger transfer resistance. For example, 

poor contacts can particularly affect the measured value of the ESR, since the nominal 

value of the capacitor's ESR is small, depending on the type of capacitor normally from a 

few mΩ to tens of mΩ at 300 Hz. The magnitude of the effect on the total ESR value de-

pends on the capacitor bank structure, the number of capacitors connected in parallel and 

in series. This must be taken into account when measuring same time several inverters 

which are linked to the same DC link; a higher degree of accuracy is achieved by measur-

ing the inverter at a time. 
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The magnitude of the change of the total ESR and capacitance values depends on the 

capacitor bank structure, the number of capacitors connected in parallel and in series. In a 

smaller capacitor bank the impact of a single capacitor increases on the measurement 

results when comparing to a larger capacitor bank. The magnitude of change in the total 

ESR and capacitance values is higher with ESR values, if for example one capacitor fails 

and becomes an open circuit. In conclusion it can be said that the smaller the capacitor 

bank is the easier the change in measurement results can be seen. 

6.5 Key findings 

Most important outcome of the study is that the practical measurement showed that the 

DC link capacitors measuring method is functioning by using the DTC control's a constant 

DC magnetization property. 

A constant DC magnetization was used in this work to control the switches, however, it 

has its pros and cons. On the plus side can be considered the commissioning of simplici-

ty, it requires only to check few parameters and change them, if not already chosen. On 

the minus side is the lack of adjustment of the pulse width, which is now the standard 48 

µs. With a longer pulse width a higher ripple voltage of the DC link could be achieved 

which would improve the measuring accuracy. In section 5.6 the method's pros and cons 

are discussed in more detail as well as the method's suitability for the onsite measure-

ments. 

However, the simulation results and the experimental measurements indicate that the new 

measuring methods of the DC link capacitors operates with sufficient accuracy, at least if 

the aging phenomena are based on ESR values. 

6.6 Novelty value of the results 

In this research, a new measurement method has been applied. So, one of the most im-

portant results was to identify the shortcomings and inaccuracies which are included in the 

now applied DC link capacitor's measuring method. Also this research provided infor-

mation of the DC link capacitors’ aging. 
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6.7 Generalization and utilization of the results 

The most important outcome of the study is that the DC link capacitors measuring method 

is functioning by using constant DC magnetization property of the DTC control. This was 

proved by the practical measurements and by the simulations. Due to operating principle, 

the measurement method can also be applied to other frequency converters, where the 

switches are controlled in a suitable way. 

The measuring method can be taken into account when planning the future frequency 

converters. Then the method could be integrated into the frequency converter functions. 

This new promising measurement method will be tested more on site. If the results are still 

good, this method will be used as an everyday tool. 

6.8 Topics for future research 

From the safety, measurement accuracy and reliability point of view, the measurement 

method could be developed further. Table 26 lists possible changes to the measuring 

method and evaluates their pros and cons. 
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Table 26. The modification for the measurement method, as well as their pros and cons. 

Modification Pros Cons 

A load coil instead 
of a motor 

Better measurement accuracy: 
o the impact of the motor and the 

cable could be left out 
o accurately known load 

Investment cost: 
o requires an extra component to 

perform the measurement 
o may require different coils for dif-

ferent power classes 

Better safety: 
o not possible to accidentally start 

the motor  

 

Measuring time: 
o takes less time to secure, no motor 

Measuring time: 
o parameterization takes more time, 

performing ID-run to the coil, and 
after the measurement returning 
the used values  

o disconnecting and connecting the 
motor cables 

o connecting and disconnecting the 
coil 

Separate control 
unit for controlling 
switches or modi-
fying existing pro-
gram 

Better measurement accuracy: 
o pulse width can be adjusted, ena-

bles sufficiently big ripple voltage 

Development costs: 
o requires software and possibly also 

hardware design 

Better safety: 
o program can block running signal, 

it prevents the possibility of an un-
expected start somewhere else in 
the process 

 

Control of the switches in the desired 
manner also helps to examine other 
critical components such as 
o IGBT 
o current transducer 

 

A separate coil, 
switch and control 
electronics  

Better measurement accuracy: 
o no external sources of interference 

(motor, cable, switches and their 
control electronics) 

 

Development costs: 
o requires software and hardware 

designing 

Measuring time: 
o fast, just connecting combined coil 

and switch to the DC link 

 

Better safety: 
o safe, no effect to the outside 

 

A new measuring 
device which in-
cludes a coil, a 
switch, control and 
measurement 
electronics. 

Better measurement accuracy: 
o measurement automation improves 

measurement accuracy 

Development cost 
o high, requires software and hard-

ware designing (a new measure-
ment device) 

Measuring time: 
o fastest, automated measurement 
o just connecting new measuring 

device to the DC link 

 

Better safety: 
o safe, no effect to the outside  
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7. SUMMARY 

The measurement of frequency converter’s DC link capacitors has been a challenge; 

there has been a lack of a measurement method which would be suitable for field condi-

tions and would be sufficiently reliable and accurate. The main objective of this research 

was to find or develop a new measurement method to determine DC link capacitors’ oper-

ating condition. 

The research is limited to evaluate the DC link aluminum electrolytic capacitors measuring 

method, its accuracy, reliability and suitability to the field conditions. The diagnosis covers 

ABB product families ACS600 and ACS800 single and multidrives, which have similarities 

with software and hardware. 

In this research, the new measurement method of the DC link capacitors was developed. 

The measurements were carried out by taking advantage of the frequency converter’s 

DTC control by using constant DC magnetization time. In this measuring method, the 

measuring circuit includes the inverter switches (IGBTs), the motor cable and the motor. 

The reliability and the accuracy of the measuring method are evaluated by the means of 

the capacitor’s internal series resistance (ESR) and the capacitance. The determination of 

ESR and capacitance values are based on the amplitude of stator current and the ampli-

tude of DC link voltage. The evaluation of the measurement method is studied both theo-

retically and experimentally, and by simulating. 

In this study, three different types of capacitors were measured. The allowed limits ac-

cording to the manufacturer for ESR value is double or triple times as high as the nominal 

value and for capacitance, the allowed decrease is 10 or 20 per cent of the nominal value. 

However, this depends on the type of the capacitor. The measurement results of the im-

pedance analyzer in Table 10 and 17 show that all capacitors are clearly inside the manu-

facturer’s tolerance at 300 Hz. The same result was also achieved with experimental ESR 

measurements in Table 15 and Table 19, but in the values of the capacitance measure-

ment a greater dispersion was observed. 

The simulation results and the experimental measurements indicate that the new measur-

ing methods of the DC link capacitors operates with sufficient accuracy, at least if the ag-

ing phenomena are based on ESR values. The suitability for onsite measurements is 

good when the necessary safety precautions are taken into account. The measurement is 
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fast to perform, and for the measurement, only an oscilloscope, a voltage probe and a 

current clamp are required. 

However, as the measurement circuit consists of different components, i.e. the converter’s 

own IGBTs, the controlling electronic, the motor cable and the motor, they can cause in-

terference to the measurement and affect to the accuracy and the reliability. The effect of 

these factors to the measurement result requires further investigation. In order to improve 

the reliability of the measurements and to get rid of rough or random measurement errors, 

it would be advisable to carry out the measurement more than once for the same convert-

er. 

From the safety and measurement accuracy point of view, the measurement method 

could be developed further as mentioned in Chapter 6.8. Table 26 lists the modifications 

that could improve this measurement method. The simplest way to improve the field 

measurement accuracy and reliability would be to use a separate coil, whose values are 

well known. Thus the measurement uncertainty caused by the motor cable and the motor 

could be reduced. 

At the moment, this new measuring method looks promising. However, the future on site 

measurements will reveal whether this measuring method is success or not. 
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