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Abstract

EMI suppression capacitors, as per IEC 60384-14: Fixed capacitors for electromagnetic interference
suppression and connection to the supply mains [1] are commonly used to filter undesired EM transients
to/from the grid as well as from/to other surrounding systems. The IEC 60384-14 standard is the main
reference for the testing and certification of this sub-family of capacitors since the last century. It is a
common request in a wide variety of end applications: LED lighting, consumer appliances, solar invert-
ers, power supplies, etc., and nowadays, more and more in some xXEV systems connected to the power
train (on-board charger, DC-DC converters, filters). But IEC 60384-14 cannot effectively scope all the
different particularities of every end application or their respective requirements for these capacitors.
This paper focuses on the particularities for XEV systems that must be addressed (additionally) for EMI
suppression capacitors, such as: parameter drift, operation voltage vs. temperature, high-voltage testing,
current distribution, parasitic inductance, AEC-Q200[2], mounting and soldering heat, etc., with the latest
product range of TDK EMI suppression capacitors providing good design practices and considerations.

1 EMI suppression capacitors

1.1 Introduction

These capacitors are used for the reduction of electromagnetic interference caused by electrical or elec-
tronic apparatus, or other sources [1].

IEC 60384-14 classifies them into class X (where the failure of the capacitor would not lead to danger
of electrical shock but could result in a risk of fire) and class Y (where the failure of the capacitor could
lead to a danger of electrical shock) [1]. X capacitors are typically used across the line (between phases
or between line and neutral). Y capacitors are typically used between line and ground (external acces-
sible parts).

Testing requirements are therefore more demanding for a Y capacitor than for an X capacitor (e.qg.,
endurance test with a voltage of 1.7 times Ur for Y capacitors and 1.25 times Ur for X capacitors), which
necessarily results in higher safety margins for Y capacitors, even for the same given nominal ratings
(table 1).

Within every class X or Y, there are also subclasses (1, 2, ...), which result in a matrix of classes-
subclasses and respective testing:

Class | Test \ Subclass 1 2
Impulse: 4 kV 2.5kv

X Endurance: 1.25 Ur 1.25 Ur
Voltage proof A: 4.3 UrDC 4.3 UrDC
Impulse: 8 kV 5 kV

Y Endurance: 1.7 Ur 1.7 Ur
Voltage proof A: 4000 V AC 1500V AC

Table 1 Comparison of testing requirements (for Cr < 1.0 pF), based on IEC 60384-14
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1.2 Reference standards

IEC 60384-14 is the main reference for many capacitor suppliers to design and produce these EMI
suppression capacitors connected to supply mains, resulting in a widely available product family for
filters and appliances. They are typically connected to AC mains with 50/60 Hz as main harmonic, and
maybe with some minor superimposed higher frequency harmonics. IEC 60384-14 is referenced in
higher level systems standards, e.g., IEC 60940 (for filter units) or IEC 62368-1 (for audio, video, IT and
communication technology).

These capacitors are commonly used in input filters on most of the appliances connected to mains but
also connected to other power sources, like batteries or solar panels, when some safety requirement is
needed. Sometimes, they can be found in output filters after the power inverter, having heavier content
of high frequency current harmonics. This is a good example of what is not explicitly dealt with by the
IEC 60384-14 standard.

AEC-Q200 is a reference standard and stress test qualification for passive components in automotive
applications [2]. The table of methods for film capacitors includes a list of minimum testing requirements
specifically for this dielectric technology. But it does not include specific information about the system,
the circuit position or the allowed drifts. This information should be provided in a separate specification
by the user of the capacitor.

Some users may not require a full certification according to IEC 60384-14 because it is simply not an
established requirement for their system or it is not connected to supply mains. But they may demand a
combination of AEC-Q200 compliance and some specific safety test from IEC 60384-14 (e.g., high-
voltage test, impulse voltage test) to ensure that the capacitor performs correctly at the expected stress
level for the whole system, when tested according to higher level standards.
So, in summary, for any of the three approaches for capacitor qualification:

e |EC 60384-14 only

e |EC 60384-14 + AEC-Q200

e or a selection of both

it is also necessary to address not only if the testing is scoped properly according to the safety test at
board level and the end application test requirements, but also if the given parametric drift for each test
is enough to assure the expected operation of the whole system during its lifetime.
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The following table highlights and compares the relevant testing criteria for film capacitors of both stand-
ards. (Not all tests are included or accurately described as in the standard.)

2 Testing and limits

Rapid change of
temperature

Tr(>=85°C). 30 min dwell
time. 1 min transient

specification

to upper category temp.)
30 min dwell time

AEC-Q200 IEC 60384-14
Condition Acceptance ||Condition Acceptance
Tem!:erature 1000 cycles from -55°C to i 5 cycles from TAto TB (lower Mo visible damage
Cycling / Supplier or user ACICo5%

Tand within spec
Rinsz50% of Table 11

Vibration

5 g's for 20 min,
12 cycles x 3 orientations
Test from 10-2000 Hz

Supplier or user
specification

0,75 mm or 100m/s2

10 Hz to 55 Hz or 10 Hz to 500
Hz or 10 Hz to 2 000 Hz.

3 axes, 2 hours / axe

Mo visible damage
IAC/COI=5%

Tané within spec
Rins=50% of Table 11

3 Optional grades with 1*VR:

(lll): 85°C/85%RH / 1000h

Mo visible damage

Biased Humidity / 1"VR IAC/COI = 10%
Humidi vy 40°C/93%RH Supplier or user (I): 40°C/93%RH/504h Atan 520024, C=1pF
robustnt:ss 1000h ° specification (11):40°C/93%RH/ 1344h Atan8=0.015C>1pF

Voltage proof
Rins = 50% of Table 11

Operational life /

1.25VR at 85°C
Or 1*VR. (if Tr> 85°C)

Supplier or user

3 voltage impulses
TB (upper category temp)
1.25VR (X) or 1.7VR (¥)

Mo visible damage
IACICOl = 10%
Atan5<0.008,C <1 pF

Endurance 1000h SPECTEN 1]+ 1000 VRMS for 0.1 s every  vorsge et
hour, 1000 hours Rins = 50% of Table 11

Flammability / Flame applied for a period of

Passive UL94 V-0 or V-1 time depending on capacitor B

flammability volume

Active . 20 discharges at 2.5 kV (X2), The cheesecloth shall not

flammability Not applicable 4KV (X1), gk\! (Y2), + véa : bum with a flame

Mo visible damage
IAC/COI = 5%
1A tan 81 = 0.001

Table 2 AEC-Q200 rev. D [2] vs. IEC 60384-14[1] testing summary

Resistance to
Soldering Heat

Supplier or user
specification

260°C for10s 260°C for 10 s

2.1 Acceptance criteria

The first difference is that AEC-Q200 refers to the supplier/user specification, while IEC 60384-14 refers
to defined limits. This is not a contradiction as the (capacitor) supplier specification itself typically refers
to IEC 60384-14 criteria (or even stricter ones).

In addition, capacitor users must also consider the influence of these specific drifts and limits on their
systems.

Examples:

A 10% drop of capacitance might not be a problem for an AC EMI filter appliance because of its low
influence on the cut-off frequency. However, it could provoke a circuit malfunction in other types of
appliances that require a stable capacitance value or a balanced voltage (e.g., star connection or
capacitive power supply).

A low insulation resistance value (R) might not be a problem for a single capacitor. But when N
capacitors are placed in parallel in the system, this may result in an excess of leakage current for
the whole system.

An increase of the dissipation factor (tan d) involves an increase in power losses (and self-heating
of the capacitor) directly proportional to the square of RMS current Irus Vs. frequency of such a
specific system. It may not be an issue at 50/60 Hz with low Irus, but could provoke an overheating
problem with high Irus and/or frequency.

The limits of Insulation Resistance and the dissipation factor tan ¢ given by IEC 60384-14 have a general
approach applying to different capacitor technologies, materials (e.g., ceramic, polypropylene, polyester,
paper, etc.) and capacitance ranges. But the reality is that values like dielectric losses, leakage current
or temperature coefficient differ between technologies. Therefore, it is necessary to conduct a close
check of the capacitor performance that can be applicable to every test as described hereafter.
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2.2 Testing

The first point: if that specific test is representative or an acceleration of a real possible condition for the
capacitor in the field, the actual parametric drift in that test must be rechecked profoundly to consider
the effects of that parametric drift in the real application. For example, a good robustness validation
approach is to use pieces of the above mentioned qualification testing (outliers or maximum values) and
test them in the real system.

The second point: if the severity of the test itself is so high that it provokes other failure or aging mech-
anisms different to what actually occurs in the field, the effects of these drifts in real applications should
not be considered so exhaustively. In this case, only previous test results shall be relied upon. A good
approach is comparing the drifts in the present testing with those in past tests of similar capacitors. Is
there clearly a worse behaviour? If so, the questions and possible impacts on the application should be
checked very closely.

2.2.1 Temperature cycling

Five IEC 60384-14 test cycles seem to be clearly insufficient for an automotive application, while a thou-
sand cycles of the AEC-Q200 shock test from -55 °C to 85°C or a maximum category temperature with
1 minute transient, is a well-established accelerated test for capacitors in automotive applications. The
severity (transient) seems very high with regard to what could occur in the real application because the
mass of the whole system smooths the temperature slopes in these small components. Nevertheless,
it is a good approach to evaluate different material behaviour under rapid changes of temperatures
compared to historical test data. It is for example useful when testing new materials (case, terminals or
dielectrics) or the stress on the contact between dielectric (polymer film) and metals (electrodes and
terminals).

The example in figure 1 visualises the test results of a well-established product for automotive applica-
tions (TDK series B3267#P, 630 V), which shows only a minor increase in the dissipation factor tan ¢,
far below established limits.

The example in figure 2 compares three TDK Y2 series at -55 °C to 110 °C / 1000 cycles (AEC-Q200),
showing a very stable performance for three of them (more stable than those specifically developed for
automotive applications: B3203#AB and the latest B3202#H).

Fig. 2: TDK Y2 product series comparison under ther-
mal shock test per AEC-Q200, -55 °C to 110 °C, 1000
cycles, with very stable performance

Fig.1 B3267#P (2.2 yF, 630 V), thermal shock

test per AEC-Q200, -55 °C to 110 °C, 1000 cycles,

with very stable performance

2.2.2 Vibration

The vibration test is performed at component level, with a PCB and fixation not necessarily the same as
used in the final system. Therefore, it is not representative of what the capacitor may face in field use,
but necessary for a basic assurance of performance, e.g., if terminals are robust enough. In this context,
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the performance is always compared to past results of products already established and proven for
automotive applications.

2.2.3 Biased humidity

AEC-Q200 with 1000 h duration places this test in a midpoint between humidity grade | (504 h) and
grade Il (1344 h) of IEC 60384-14.

The severity S of any humidity test can be defined as the product of two factors[3] S = p * Fp, where p
is the density of water vapor in air, which is a function of both relative humidity and temperature, and Fp
is the thermal acceleration factor for diffusion.

Table 3 Test severity S” referenced to 40 °C / 93%RH

In a real application (with an open) environment, the relative humidity decreases when air temperature
increases. Therefore, events like 85 °C/85% RH can only occur in an enclosure with encapsulated hu-
midity (e.g., a test chamber) or for such a short period that diffusion through enclosures will not occur.

Fig. 3 Climatogram for class 3K3 as shown in IEC 60721-3-3[4]

Therefore, while a level of 85 °C/85% RH in a test chamber is valid to evaluate how robust the enclo-
sures are for humidity protection, it provokes much more severe failure modes than in real applications,
especially when voltage is applied at the same time, visualised in figure 4 with the performance of the
X2 product series from TDK.
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Fig.4 TDK X2 product series performance under 85 °C/85% RH 240 V AC. Products for automotive applica-
tions show higher stability.

Instead, a very common situation in real applications could be an event of 40 °C / 93% RH. In this test
case, the parameter drift and its effects must be taken into consideration. When voltage is applied, the
probability of partial discharges increases exponentially, more so with an AC voltage than a DC voltage.

So if the intention of this test is to simulate field conditions and a close check to parameter drifts and
effects in the application, it is also important to apply an AC or DC waveform as expected in the appli-
cation as well as to consider average voltages (not accelerated) to not provoke other failure mecha-
nisms.

2.2.4 Operational life (endurance)

The endurance test, with acceleration factors of voltage and temperature, is used for the simulation and
basic proof of the intended stress in the application. Parameter drifts and their effect in the application
should be closely checked.

With a voltage acceleration factor of 1.25 for X capacitors, IEC 60384-14 applies the same approach as
AEC-Q200. The voltage acceleration factor of 1.7 for Y capacitors (fig. 5) as per IEC 60384-14 is in-
tended as a safety test (and not a life simulation) due to the criticality of Y class, which is typically
connected to ground and therefore to accessible parts, in which case a failure could provoke a severe
accident.

Fig. 5 TDK Y2 product series under long endurance test (110 °C, 1.7*Ur, 1000 hours. Top: Capacitance drift.
Bottom: Tan ¢ at 1 kHz. No significant parameter aging.

Regarding temperature, the main reference for AEC-Q200 film capacitors is 85 °C (or higher, depending
on user and supplier), while the IEC 60384-14 approach is the maximum category temperature (typically
105 °C, 110 °C or even 125 °C). Again, IEC 60384-14 is a safety approach (test at worst conditions),
while AEC-Q200 focuses on the expected application conditions with some acceleration factor.
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Aging mechanisms of film capacitors will vary with temperature and voltage. Therefore, a too high ac-
celeration of voltage (above a factor of 1.3) in combination with a very high temperature could lead to
excessive drifts or breakdowns in testing, which would not be representative of the real application dur-
ing operation. Figure 6 shows an example of a test at 125 °C with an acceleration factor of 1.1.

Fig.6 B3267#P 2.2 uF endurance testat 125 °C and 1.1 category voltage. No significant parameter aging.

2.2.5 Flammability

IEC 60384-14 focuses on component performance in active and passive flammability, while AEC-Q200
focuses on material enclosure class as per UL 94.

e Active flammability involves the application of a high impulse (several kV depending on class)
superimposed to AC mains at rated voltage. Failure criterium is the burning of a cheesecloth
wrapping around the component.

e Passive flammability exposes the component to a flame and defines a certain time to self-extin-
guish that flame.

The result is simple: pass or not pass. For this test, parametric drift is not applicable.

2.2.6 Resistance to soldering heat

The standard test for resistance to soldering heat at 260 °C and 10 s applies severity conditions and
criteria, which are not typically critical for film capacitors, except if its size is very small.

However, it is a very important test to be performed by the user of capacitors at board level with real
PCB to ensure that the wave soldering process settings do not provoke a thermal excess in such a way
that the film capacitor may be damaged. This damage would be evidenced by an excessive drift of tan ¢
or, in the worst case, a deformation of the external case in the side areas close to terminal contact with
soldering.

Fig.7 Left: Capacitor damaged after an excess of soldering heat. Right: Internal analysis showing the gap
between dielectric and metal spray contact
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3 XEV systems: requirements for EMI suppression capacitors

EMI X capacitors (across the lines) and EMI Y capacitors (line to ground) are exemplarily shown in the
following block diagrams for three XEV systems: motor inverter (top), DC-DC converter (middle), on-
board charger (OBC) (bottom). The EMI filter area is shadowed, showing the typical circuit position
connected to mains and battery power supplies.

3.1 EMI function and high-voltage test

The primary function of EMI capacitors is the filtering of undesired frequency harmonics and also the
high-voltage capability for the required safety tests by higher-level standards.

The power supply for the motor inverter and DC-DC converter is the high-voltage battery; and therefore
a subsequent DC waveform. Even if it is not an AC waveform as per IEC 60384-14-scope. , this standard
shall be considered because of the safety performance required, especially when parts are connected
to energy supply lines or ground. IEC 60384-14 edition 4 includes one annex with a description of DC
voltage ratings and the qualification testing when required.

The requirements may differ as some users ask for higher voltage tests, for AC testing, for DC testing,
for shorter or longer times, for leakage current measurement or even for certain numbers of repetitions
with no damage or lifetime decrease.

High-voltage AC testing is much more severe for capacitors than DC testing. One of the reasons is that
the impedance of a DC power supply is higher. Also, it is more severe because of either higher capaci-
tance values or more capacitors in parallel. The reason is that in case of self-healings [3] under extreme
over-voltages or flashovers in free margins, they are more energetic if the impedance of the whole sys-
tem under test is lower and therefore vaporizes wider metallization areas.
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Figure 8 highlights an example of good design practice for high-voltage testing, showing the results of
three different product series used in XEV systems as EMI filters connected to ground when submitted
to a test level far above specification. The IEC 60384-14 safety test requires 1500 Vac for 60 s.

Fig. 8 Performance of three different product series (A: B3202#H, B: B3267#L, C: B3203#) in a combined cus-
tom test of soldering and high voltage. A) was selected as best combination of size and performance.

This real case example of a combined test far above specification and not being included in any standard
lets the user decide the proper product depending on high-voltage requirements together with other
variables like size, cost or operation.

First part was a soldering heat test to simulate the stress in PCB soldering. Then, an AC high-voltage
test was performed for the whole set of capacitance and capacitors (worst case) in the system. Then,
by increasing steps of time, possible high-voltage repetitions along the supply chain were emulated. The
products B) and C) offered a better performance in this testing, whereas product series A) was eventu-
ally selected due to the best combination of size and performance.

All three product series are compliant with AEC-Q200 and pass the high-voltage test required by
IEC 60384-14 for Y2 capacitors, including enough margin.
As in the previous and next real example, it is important to include the total capacitance and capacitors

of the entire system when submitting it to a high-voltage test. The supplier statement for a single capac-
itor is important, but it is necessary to consider system level testing.
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Fig. 9: Total line (+ and -) to ground capacitors in a real motor inverter filter to be considered in high-voltage test

3.2 Other stressors

Stressors in table 2, test summary of IEC 60384-14 and AEC-Q200, are mainly voltage, temperature
and humidity. But others shall be considered by the user in the selection of the right component for the
expected requirements prior to any qualification test.

A good example is the time differential of voltage function dV/dt (V/us), which may lead to a high peak
current (lpeak) @s a result of its product with the capacitance C (uF). If it is exceeded and combined with
high voltage or high temperature, it can provoke damage of the internal contact area of the capacitor.
Electrical Serial Inductance (ESL) has to be evaluated in case of high dV/dt, as it will provoke an over-
shoot in voltage affecting other components.

SPICE models with validity in the domain of frequency and time are a useful tool to simulate all of this
performance with the whole circuit.

The Irus (inverter switching frequencies and higher order components) will cause power dissipation and
therefore self-heating through the capacitor. That, in combination with high voltage and temperature,
can provoke the thermal avalanche of the capacitor._

This assessment for thermal behaviour is not included in any testing of the mentioned international
standards, but TDK offers support and also tools and spice models to perform the simulation of certain
application conditions, e.g., CLARA (Capacitor Life and Rating App) for film capacitors.

Fig. 10 Simulation of a thermal distribution of B3267#P with very high frequency harmonics (> 600 kHz ... 7 MHz)
and high ambient temperature (105 °C)

4  TDK film capacitors for xEV

TDK datasheets offer a comprehensive combination of the relevant applicable IEC standard together
with the AEC-Q200 compliance. Tests and limits are well described and fully available for the users of
the capacitors. TDK offers simulation tools (CLARA, Capacitor Life And Rating Application) and complex
SPICE models valid in the domains of time and frequency to support the selection of the right capacitor
for every application, thereby preventing over-design or under-design. Everything can be found on the
website.
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The reference standard requirements combined with the most diverse application requirements are a
constant challenge for the capacitor manufacturer, resulting in continuous new series developments and
market launches.

The following table highlights the latest TDK product series, which are used in XEV systems. Some of
them do not have the IEC 60384-14 certification, but comply with the required safety level and perfor-
mance by the user.

Series IEC 60384-14 | AEC-Q200 Use/Advantages
B3291#H4 X1 Yes EMI X1
480V AC/1kv DC
85 °C/85% RH /1 kV DC /1000 h
85 °C/85% RH /480 V AC /1000 h
B3292#P/Q X2 Yes EMI X2 125 °C
305V AC 85 °C/85% RH /240 V AC /500 h
125°C 40 °C/93% RH / 305 V AC / 1000 h
B3202#H Y2 Yes EMI Y2 125 °C
300V AC 1500V DC
40 °C/93% RH /300 V AC /1000 h
B3267#P No Yes PFC / DC Filtering 125 °C
69 °C/95% RH / Vr/ 1000 h
B3277#P No Yes DC-Link 125 °C
40 °C/93% RH / Vr/ 1000 h
B3271#H No Yes DC-Link High Irms capability
69 °C/95% RH / Vr/ 1000 h
B3264#H No Yes Resonant 125 °C
High Irvs & dV/dt

Table 4 TDK product series of film capacitors for XEV systems
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