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ABSTRACT

The demand for energy savings and for alternatiegy sources has called for an accelerated inttamtuof products
such as Hybrid Electric Vehicles, Solar Convertarg] Wind Generators. A DC to AC inverter is a kggtem for the
operation of these devices. The inverters requilterFand DC-Link Capacitors with higher operatingltages and
ripple currents in order to support the need oféasing power. Other important parameters are foludtance to limit
the switching transient voltages, high frequengyatdlity , large range of working temperature, langpected life time,
low dissipation factor and low ESR, high stabilty. time of the Capacitance value, withstandingigh peak voltage,
mechanical strength, low weight, maximum flexilyiliof adaptation to the shape of the available spagstomized
termination technology (through hole wires, tabss-bars, lead frames, and SMD), and low total.cbbe Film

capacitor is the type of capacitor that comes slose satisfying these requirements. Several ceadédilm capacitor
manufacturing technologies are available: Wou&bft-Winding, and Stacked. There have been reagwances in
these technologies. The Wound and Soft-Winding ciégra have seen significant advances in capaataralitage and
current capabilities, and expected life time (10@kimtinuous use). The Soft-winding capacitors hbeeefited from
very thin and high temperature Polypropylene fimcombination with a new process of winding andrtred treatment.
The Stacked capacitors can now use two base plilstis (Polypropylene and Polyester) and new teghes of

metallization and insulation during the cutting gees.

This paper will discuss the technical basis foraames in each of these technologies and give sadargce on the
optimum areas (capacitance, size, voltage andrtificx the application of each technology.

INTRODUCTION

With several basic technologies of film capacitavailable we are able to customize and produce-sfathe-art
capacitors for all the important power generatind management applications in the Automotive anlditrial sector.
The primary applications for capacitors in thisteeare for inverter AC filtering and DC-links.
The technology development focuses on :
Windings in Round Al-Can and Soft-winding in Brigkpe technologies for Medium and High Power
Applications (e.g. Solar Converters and Wind Getoesa).
Brick type Soft-winding technology for High Ener®C-Link and AC Filtering (e.g.Train)
Brick type Soft-winding for Thin Film and Stackezthnologies for Low and Medium Power
applications (e.g. Hybrid and Electric Vehicle Ca$y
Box type technology for PCB-mounted Low Power aggilons (e.g.remote Solar Power generation)
and DIL (Dual In-Line) in Wound Technology (e.g. 88 Switch Mode Power Supplies).
SMD type in Naked Stacked technology for low egeagplications (e.g. DC/DC filters) and DIL
(Dual In-Line) in Wound Technology (e.g. SMPS SWwitdode Power Supplies).
The availability of these technologies allows tlesign of capacitors for a wide range of power Igwagld mounting
configurations.
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The commonly used plastic dielectrics for film caipars include polypropylene (PP), polyethylenedtthalate
(PET), polyethylene naphthalate (PEN) and polyplerg/sulphide (PPS). To ensure safe operationanitbnign
failure mode, the Self-healing proprieties of th fmaterial are very important for Power applioas. PEN and PPS
can not meet these requirements sufficiently wadl are normally excluded. The most frequently ysadtic material
for Power film capacitors is PP because of its éod stable dissipation factor. In applications tieguire high
temperature operation (> +125C) or for surfacemtiog PET is used instead of PP because of PRiSvwaly low
melting point.

This paper describes the different technologieslts manufacture these capacitors and perforndatesfor the
different technologies and gives some guidance lniclwtechnologies should be used in different aaibns.

EXPERIMENTAL

The capacitor characteristics were measured, testgderified with following instruments and metsod
Agilent E4980andHP-4284A Precision LCR meterat 1 kHz and 1 Vs
Capacitance (C), Dissipation Factor ( tan Series Resistance (ESR) and Inductance(ESL).
HP4192A (Impedance Analyser) Resonance frequency, ESR and ESL.
Discharge current’s curve analysis (Figure X)Resonance Frequency and ESL.
The test was carried out charging the capacitarltw voltage ( 10 Vdc) and subsequently discharging it
through a short circuit by a contactor. The shoduit has to be located as close as possibleg@alpacitor to
avoid stray inductances. A Rogowsky current probs used to measure the discharge current. From the
recorded current data, the value of the ESL waityazsdculated.

n Oscilloscope
DC Power Supply ®

(Vde) Cx
1 Bt

Rogowsky Current Probe

Figure 1 : ESL measurement system

Ripple Current Testing with DC Bias (Figure 2} Thermal Stability and Self-heating vs Irms

The test was carried out to simulate the thermadlitimns present in e.g in an inverter at the engrdimit of
current. The use of several sensors, on the ckse to both terminals and the “hot spot”, make®ssible to
study the maximum temperature gradients internally.

AC Amplifier
Signal I X DC Power
Generator | I{ (Y} } | .. J— Supply (Vdc)
(Vac, Freq) T

Temperature Recorder
The temperature probes are placed on the case, close the
terminals and the hot spot

Figure 2 : Schematic of Ripple current test system
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DISCUSSION

Technologies and Configurations

The today’s increasing demand for energy savingk fan alternative energy sources, has boosted ébearch and
development in strategic inverter-driven produits Solar Converters, Wind Generators and HybricsCa

All of them profoundly rely on a better managemehthe energy conversion. High reliability, withsthng of tough
ambient conditions, long expected life, are jushedargets of the agenda of the technical innowmatitiatives today.

The strong advancement of inverter products ¢atlC-Link capacitors with high mechanical flextibi with ability
to be attached to the semiconductors (IGBTs and MES) in the best possible way. Technologies fodpcing the
internal construction are: available in Wound, Seiftding, Soft-winding for Thin Film and Stacked rgtructions.
These internal constructions can be packagedange range of configurations (as shown in some glesnn

Figure 3, Figure 4) in order to offer, accordingtie application, the smallest possible size amlligtance, or the
highest possible voltage and ripple current, orthst possible connections.

() (b) (c)

(d) (e) (f) (9)

(h) @ )

Figure 3 : Various configurations of KEMET’s film capacitors in thru-hole or bus-bar assembling solutin.
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Figure 4 : Various configurations of KEMET’s film capacitors in Stacked SMD (k) and Wound DIL (I, m).

DESCRIPTION OF THE DIFFERENT TECHNOLOGIES

Wound in Round Can: the used dielectric is metallized polypropyl¢R®) film, the winding is non-inductive type
with internal plastic core and round shape, theneld is inserted in an aluminium can with threablelti closed by a
plastic deck with high current screw terminalssla dry construction, filled by solid resin.

Wound in Box : the used dielectric is metallized polypropyléR®) film, the winding is non-inductive type with
flattened oval shape, the element is insertedsioh&ent resistant plastic box flame retardant etienouthe terminals are
4 tinned copper wires or 2 tinned copper lugss # dry construction, sealed by resin.

Wound in DIL : the used dielectric is metallized polyethylemephthalate (PET) film, the winding is non-indueti
type with flattened oval shape, the element isriegein a solvent resistant plastic box flame dat execution, the
dual in line terminals are tinned copper leads & dry construction, sealed by resin.

Soft-winding in Brick : the used dielectric is metallized polypropyléB®) film, the capacitor element is composed of
several non-inductive windings with large flattermél shape, the windings are soldered in paraidigi the bus-bar
and inserted in a metal or plastic case, the busdibdthe terminals are tinned copper. It is acdnystruction, sealed by
resin.

Soft-winding in Brick for Thin Film : the construction is like Soft-winding in Brickut with thinner PP film
(thickness < 3,5m) for Automotive application.

Stacked in Brick : the used dielectrics are metallized polypropgléPP) and polyethylene terephthalate (PET) film,
the capacitor element is composed of several staolkeelements, that are soldered in parallel thighbus-bar and
inserted in a metal or plastic case, the bus-baitlamterminals are tinned copper. It is a dry traietion, sealed by
resin.

Stacked SMD: the used dielectrics is polyethylene terephtiea]BET) film, the capacitor is composed of several
stacked cut elements, that are welded in paraltél thve tinned copper lead frames. The capacitoaked and used in
SMD reflow soldering process.

The most challenging issues in using film capasifor Automotive and Industrial Applications are :
Voltage : up to 2800Vdc
Capacitance Density the naked winding element aboutfZcnt
Equivalent Series Resistance (ESR) :2m (C=2400 F ; 900Vdc ; Freq.=3KHz)
Inductance (ESL) : 50nH (C=2000F ; 750Vdc)
Ripple Current (Irms):  290Asat full power for <5% of the life time (C=240B ; 900Vdc ; Freq.=3KHz)
Life Time : up to 100,000Hours for industrial application
Configuration flexibility : adaptation to the shape of the available spadeastomized terminals

Capacitance Density and Voltage

In many new applications there are specificati@msHigh rated voltage and over voltage.

The most innovative applications also require fdgpacitance per volume. That means it is necessarse a thinner
film than has been the practice in the past.

The actual conditions of the rated voltage (Unhesfilm thickness are :
Automotive : 280V/ m (PP film and Soft-winding for thin film)
Automotive : 160V/ m (PP film and Stacked)

Automotive : 70V/ m (PET film and Stacked)
Industrial : 200V/ m (PP film and Soft-winding)
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Table 1 : Capacitance and Working Voltage Range foDifferent Technologies

PRODUCTS FILM TECHNOLOGY C( F Un (Vdc)

C4A - C4B : Box and
C44 - C20 — C4DE : Round Can

CAE - PKZ : Brick - High Power PP Soft-Winding Cmax=12000 Vmax=2800
MDC : DIL SMD Leaded and

PP Wound Cmax=1000 Vmax=1300

MDK : DIL Through-hole PET 0,047-36 50-900

MDS : Low Profile DIL SMD Leadeq PET Wound 0,033-6,8 50-900

MDW : SMD Naked - Leaded PET 0,047-36 50-900

SPD : Brick - Automotive PP SOft-WlnlgillrrLg for Thin Cmax=2000 Vmax=750

JSN : Naked Stacked SMD PET Cmax=330 63-400
Stacked

JSP : Stacked in Brick - Automotive] PP - PET Cmax=1500 Vmax=600

Table 1 shows the capacitance and working voltagge for several different technologies and mdteeits.

More energy in less space, that's the ambitiouschatlenging goal for new power designs involviiigpfcapacitors.
This scenario strongly contributes to creation aéav generation of metallized film capacitors fomer Electronics
applications, a typology that along with the westablished characteristics of self-healing, stpeldormances vs. time
and high ripple current / capacitance ratio, nose @an count on more reliable plastic base filnmdy{#opylene and
Polyester) and on new techniques of metallization.

The result of this activity is quite evident in KEEMT Power Capacitors for DC-Link applications, whtre capacitance
density was increased roughly by 4, and at the sameekeeping the high over voltage rating, highrkimg
temperature and high current levels, in combinatith extremely long expected life-time at rateahdivions (100kh -
continuous use).

Equivalent Series Resistance (ESR)

The thermal stability of the capacitor is direatynnected to ESR. We have been able to reduceSRebly
implementing a new metallization profile of therfiand by using new construction of the elementsth@dus-bars.

It is very important to reduce the self-heatindhef capacitor caused by ripple currents. Thisctdu has a positive
effect not only on the cost of the inverter cooling also on the total energy efficiency of theteys

DIL (Dual In-Line) and Stacked SMD ensure low ES# avhich means good filtering performance at higlgfiency a
very important parameter for SMPS (Switch Mode PoSugpplies) applications.

Figure 5 : ESR vs Frequency - Soft-winding for thinFilm (Automotive) and Wound DIL.

Equivalent Series Inductance (ESL)

In order to limit over-voltages due to semiconductmmmutation, most designs are using snubber d¢apac
geometrically close to ( = low inductance) the shiihg circuits. To eliminate the need of such smulapacitors there
is an increasing demand for low inductance of tkelink capacitors. The DC-Link Capacitor is placdose to the
power connection in order to reduce the stray itehae and to improve the dynamic response. TheTéehnology
offers the solution, and responds very well toritees applications.
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Kemet is working in co-operation with its customersd can offer a complete range of film capadi#ohnologies:
Wound in Round Can
Wound in Box
Soft-winding in Brick
Soft-winding for Thin Film in Brick
Stacked in Brick
Stacked SMD
Wound in DIL (Dual In-Line)
For any kind of semiconductor modules and mechéfageout of the inverters, it is possible to deygh capacitor
with the best technologies in order to minimizeititernal ESL and the ESL of the bus bar connestion

Table 2 : Equivalent Series Inductance examples (E$

Technology C Un Freq Tamb Irms ESL
(F) (Vdc) | (KHz) Q) (A) (nH)

Wound in Round Can 10Q0 900 10 60 50 65
Wound in Box 25 1100 10 70 17 35
Soft-winding in Brick 240¢ 900 3 80 300 60
Soft-winding in Brick 4000 900 4 60 150 50
Soft-winding in Brick 660( 1350 2.5 57 300 40
Soft-winding for Thin Film in Brick 2000 750 10 90 170 50
Soft-winding for Thin Film in Brick 500 750 10 90 40 35
Stacked with bus-bar in Brick 80 450 10 90 20 30
Stacked with bus-bar in Brick 1000 450 10 90 100 20
Stacked SMD with lead-frame 45 63 150 125 10 10

Metallized polyester film capacitors with DIL (Dual-Line) and Stacked SMD constructions are sugtétl high
frequency filtering (input and output), DC-DC contees and high frequency SMPS (Switch Mode Powgp$es). DIL
and Stacked SMD ensure low ESR and low ESL valuéshware the most important characteristics forSMPS
applications. Low inductance (ESL) means that tiqgacitor works as a capacitor (capacitance) ingriflequencies

Figure 6 : Z( ) and Resonance Frequency — Wound in DIL (MCD serg

Ripple Current and Thermal Stability (Irms)

DC link current harmonics are the predominant fattidoe considered for the design of the DC-Lingazitors. The
capacitor dimensions basically are linked with ftemns, the maximum ripple current and the life tirmguirements.
Both of whose, can directly be connected to thexcapr's power losses and internal self-heating.

The DC-link capacitor filters the ripple curreningeated by the inverter, and decouples the rectifie battery or the
DC/DC booster converter from the inverter parthaf trive by providing a low impedance path for tiigh frequency
ripple current. It is this AC ripple current thatdausing the losses, (both dielectric and resistivat can be calculated
using the capacitor's ESR (equivalent series @sist). In the capacitor specifications, therespecified maximum
ripple current rating vs. the frequency. This iSraportant design tool that can be used for seigdtie correct
capacitor for the application. The Figures 7, &8l 10 show some examples of Self-heating and ipplrent.
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Figure 7 : Self-heating and Thermal Stability - Safwinding Technology

Figure 8 : Self-heating and Thermal Stability - Staked Technology in Brick and Stacked SMD

Figure 9 : Max Rated Current (Irms) — Wound in Round Can and in Box — Soft-winding

Figure 10 : Max Rated Current (Irms) — Soft-winding Technology for Thin Film and Stacked SMD
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Figure 11 : Max Rated Current (Irms) — Wound in DIL (MDC series)
Life Time
Automotive and Industrial Applications require adplife time. This can be accomplished by utilizengew
metallization configuration of the film, a plastic metallic housing, sealed by epoxy or polyurethagsins, and a new
production process for the thermal treatment.
Figure 12 shows working life time at rated voltgdg@) vs. hot spot temperature for a capacitorsi¢abed using soft-

winding technology. 100,000 hours of life can bhiaeed at temperatures up to 75°C and approxim&@&i§00 hours
of life can be achieved at 85°C.

Figure 12 : Working Life Time — Soft-winding Techndogy for High Energy.

Figure 13 shows life time vs. ambient temperattmai@d voltage for a capacitor fabricated witht-sahding for thin
film technology. At ambient temperatures up to algffC, over 20,000 hours of lifetime can be oledin

Figure 13 : Working Life Time — Soft-winding Techndogy for Thin Film (Automotive).
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COMPARISON OF FILM AND ELECTROLYTIC TECHNOLOGIES

Due to these enhanced performances of the filmaitaps, the competition (particularly for higherltages) in the DC-
Link field between Film and Electrolytic technolegihas lately become more pronounced.

The choice of either type in a specific project barthe result of different considerations:

- max operating voltage in order to increase theriter's power

- min inductance to limit the surge current

- max working temperature, whose value is highersigher due to the miniaturization process

- weight & available real estate

- mechanical strength

- global cost of the system.

PROJECT EXAMPLE : 3 PHASE AC MOTOR DRIVE

Table 3 : Design Conditions of DC-Link Capacitor fa 3 phase AC Motor Drive

Design Conditions : 3 phase AC Motor
Output V 690Vac
DC-Link Voltage 1000Vvdc
Max Ripple Voltage allowed 100V
Frequency 50Hz
Min Capacitance 500~
Ripple Current 30A
DC-Link Frequency 300Hz
Ambient Temperature 75°C

Table 4 : Design of DC-Link Capacitor for 3 phase &£ Motor Drive in Electrolytic and Film Technologies

Comparison

Characteristic Electrolytic Film
Capacitance (F) 1500 250
Voltage (Vdc) 400 1100
Diameter (mm) 63 85mm
Length (mm) 105 140mm
Volume (1) 0,327 0,794
Series (Nr.) 3 1
Parallel (Nr.) 3 2
Ripple Current / Branch (A) 10 15
Capacitor (Nr.) 9 2
Total Volume (l) 2,94 1,59
Total Capacitance §) 1500 500
Voltage Ripple (V) 33 100

As the example highlights, due to the huge diffeesnbetween the two technologies, the comparisat nai only be
done by considering the same equivalent capacitdnteather on the final result that the desigatidnds” for the
capacitor’s bank.

In the example, the target was to carry a specé#imdunt of ripple current at a specified frequeacy in a specified
DC voltage condition, with a limitation for the makowed ripple voltage and minimum allowed capait.

In conclusion the advantages of the film technolegiythe electrolytic technology can be summaragéllows:

- much longer expected life

- lower dissipation / higher ripple current

higher rated voltages with no need of series eotions and balancing resistors

better stability vs. time of Capacitance valud lower ESR

- lower losses and better conversion efficiency

Configuration flexibility

The KEMET's Technologies for AC Filtering and DCrlki Film Capacitors can offer extremely adaptablatgms to
any type of installation requests, especially fighhadaptation to the space and the terminals atioms (Table 5).
The available shape, size and connections of thmer application can be met by the high flexipitif the
Technologies.
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Table 5 : Terminals solutions

Technology Terminals Connections
Wound in Round Can Male and Female Screws
Wound in Box Trough-hole Wires ; Lugs
Wound in DIL SMD ; Trough-hole Leads
Soft-winding in Brick Bus-bar ; Male and Female Sgs
Stacked in Brick Bus-bar
Stacked SMD

SUMMARY

The KEMET’s film capacitors for Automotive and Ingttial Applications, with the latest technology dpments,
can meet all the requirements of the new generati&®tower Electronics, used for the control, tlmsformation and
the management of the energy through solid-staiiets®g, which require Filter and DC-Link Capacitaith high
operating characteristics :

High Voltage

High Ripple Current

Low Dissipation Factor and low ESR low self-heating

Low ESL low switching transient voltages

High frequency

Long Life Time

Large range of Working Temperature

Low volume and weight high Capacitance Density

High mechanical strength

Maximum flexibility of adaptation to the shape bé&tavailable space

Customized termination technology

Low total cost

The most important applications are :
AC Filtering : to reduce the harmonic components overlappdoetdundamental frequency
DC-Link : To support a DC network by supplying periodicdligh currents for DC and AC motor drives. We can
divide the DC-Link applications in three main figld
1. Industrial : AC and DC Motor Drives, Windmill and Solar C&bnverters, Welders, UPS
2. Automotive : Inverters for Hybrid and Electric Vehicles
3. Train : Inverters for auxiliary equipments

Figure 14 shows a summary of the power density (1 x Irms/Volume) vs. different technologies.

Figure 14 : Density [C( F) x Un(Vdc) x Irms]/Volume(cm®) of KEMET’s Film Technologies
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Table 6 : Guidance for the applications of the diférent technologies

APPLICATION
TECHNOLOGY ENERGY INDUSTRIAL AUTOMOTIVE TRAIN | DC/DC and
INVERTERS INVERTERS SMPS
Wound in Round Alu Can | Medium - High X X
Wound in Box Type with 4 Low X X X X
wires and lugs terminals
Soft-winding in Brick Type High X X X
Soft-winding for Thin Film Medium X
in Brick Type
Stacked with bus-bar in Medium X
Brick Type
Stacked SMD Low X X
Wound DIL (Dual In-Line) Low X X
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