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High-Frequency Aging Model Modeling Method of
Passive Devices in EMI Filter Based on
Electromagnetic Field Analysis

Wenzhe Su
Zuoxing Wang

Abstract—Power electronic devices must be certified for elec-
tromagnetic compatibility compliance before mass verification.
However, this test does not consider the influence of aging factors,
leaving hidden risks to electromagnetic compatibility. In this arti-
cle, the passive device in the electromagnetic interference filter is
taken as the research goal, and a lumped parameter high-frequency
aging model with physical significance is established based on the
electromagnetic field analysis. The proposed model has the ability
to accurately describe the high-frequency characteristics of passive
devices from 150 kHz to 30 MHz. At the same time, this article
proposes a parameter extraction method for practical design. Based
on the existing accelerated aging experiments, only one additional
high-frequency characteristic measurement is required to predict
the aging characteristics of passive devices. The proposed method
achieves the prediction of high-frequency aging characteristics of
passive devices within confidence intervals. Experiments verify the
accuracy and correctness of the model, which can be applied to
electromagnetic compatibility design considering aging.

Index Terms—Aging prediction, electromagnetic field analysis,
high-frequency aging models, passive component.

1. INTRODUCTION

LECTROMAGNETIC interference (EMI) emission com-
Epliance is a crucial part of product verification and a
necessary step before mass verification [1]. The international
standardization organization, countries, and enterprises have all
implemented strict EMI emission standards and are committed
to quantitatively, credibly, and repeatably measuring the EMI
emitted by the device under test (DUT), so as to ensure that
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the electronic equipment in electric vehicles (EVs) will not
be affected by EMI [2], [3]. Although the product has passed
the EMI emission limit, the actual product may still have EMI
problems after long-term operation. Such EMI issues are not
limited to failures of EMI suppression caused by environmental
electrical, thermal, and mechanical stress [3]. It can be seen that
EMI design runs through the entire life cycle of power electronic
products. It is very important to study the EMI design of the
whole life cycle of power electronic equipment.

Motor drivers and vehicle-mounted dc—dc converters perform
the high-power conversion in EVs and are among the power elec-
tronic devices most affected by aging. This is because the power
electronic devices in EVs are designed in a confined space to
cope with the complex driving environment, which will cause the
power electronic devices to withstand high-temperature stress
[4]. Passive components subjected to high temperature stress
for a long time will experience performance degradation, which
will lead to excessive EMI. Excessive EMI of motor controllers
will affect the normal operation of surrounding equipment [5].
Currently, online EMI measured technology throughout the life-
time of the equipment for regulatory tests is being developed [6].
However, the current EMI test does not consider the influence
of aging factors, which leaves hidden dangers of electromag-
netic compatibility (EMC). Therefore, it is critical to study an
EMI design method that considers the aging effects of passive
components.

In the existing research, the aging models of capacitors are
divided into ideal capacitor models [ 7], RC series models [8], [9],
RC series-parallel models [10], [11], RC network models [12],
[13], lumped parameter models [14], [15], and neural network
based model [15], as shown in Fig. 1.

The inductors in passive filters can be divided into differential-
mode (DM) inductors and common-mode (CM) inductors. Typ-
ically, DM inductors use the same model as normal inductors
for the same construction. For CM inductors, the model is
usually decomposed into a CM impedance model and a DM
impedance model. The decomposed DM impedance model and
CM impedance model have the same model as the normal induc-
tor [16]. Many scholars have studied the impedance-frequency
characteristics of inductors and proposed corresponding models
[171, [18], [19], [20], [21], as shown in Fig. 2. However, there are
few studies discussing the law of inductor impedance-frequency
aging transformation in passive filters.
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Fig. 1. Aging models of capacitors. (a) Ideal capacitor model. (b) RC se-

ries model. (c) RC series-parallel model. (d) Foster-type RC network model.
(e) m-type RC network model. (f) RLC series parallel equivalent model.
(g) Complicated RLC series parallel equivalent model. (h) Neural network-based
model.

Cr
o_:._fYW\_o
Rp Lp Lp Rp Lp
() (®) (c)

() (e
o 7]
T R TY
CP a'&‘ 2 n
o— 1 1 1 o) Lt
B By I e | Coc
Lp, P T
() (g

Fig. 2. Models of inductors. (a) RL series model. (b) RLC parallel model.
(c)—(e) Different type RLC series-parallel model. (f) Complicated RLC series-
parallel model. (g) Foster-type RC network models.

It can be concluded that the existing model has the following
limitations: 1) The aging model focuses on a few frequency
points, and the frequency is low, which is not suitable for EMI
filter design. 2) The current model is essentially a black box
model, which is only suitable for the description of external
characteristics. Therefore, the parameters obtained by this type
of model’s parasitic parameter extraction method are multisolu-
tion, and it is difficult to be used to establish the capacitor aging
model. 3) Although the existing literature accurately describes
the high-frequency impedance characteristics of the inductor,
the research on whether the high-frequency impedance char-
acteristics of the inductor are affected by aging is blank. The
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limitations described in 1) and 2) will give detailed evidence in
Section II problem description in this article.

EMI filter is the most critical part of EMI suppression, and
its research is of representative significance. Aiming at the
above-mentioned problems, this article proposes a lumped pa-
rameter high-frequency aging model based on electromagnetic
field analysis. It is noted that this article is the extension and
continuation of the research [22]. The innovations of this article
are as follows: 1) The capacitor model based on electromagnetic
field analysis is proposed in this article; the model considers the
actual physical structure of passive devices and can describe the
broadband characteristics of its EMC design. 2) Simultaneously,
the parameters of the lumped model correspond to the physical
meanings one by one. Based on the sectionalized frequency
parameter-extracting (SFPE) method mentioned in this article,
the uniqueness of the proposed model is guaranteed, and the
aging law of the device can be described. 3) This article proposes
a modeling method of high-frequency aging model based on
a single high-frequency impedance measurement. The aging
prediction of EMI filter performance can be completed using
the existing datasheet and aging data set.

The rest of this article is organized as follows. Section II
provides evidence of the limitations of the current research and
introduces the problems addressed by the innovations of this
article. Section III introduces the electromagnetic field analysis
methods of passive devices such as capacitors and inductors
and introduces the calculation method of the lumped parameter
model. Section IV introduces the SFPE method. Section V
introduces the effect of capacitor aging on various parame-
ters and establishes a complete high-frequency aging model.
Section VI predicts the change law of the EMI filter insertion
loss performance affected by aging and the influence on the
conducted EMI emission spectrum by means of simulation and
experiment. Finally, Section VII concludes this article.

II. PROBLEM DESCRIPTION

In this section, quantitative data are given as evidence to point
out the limitations of the current model by reproducing the model
and parameter extraction method in the current study. In view
of the limitations of the current model, the research ideas of this
article are further determined.

First, the RC network model in [12], as shown in Fig. 1(d),
and the RLC series-parallel equivalent model in [14], as shown
in Fig. 1(f), are reproduced and analyzed. The above-mentioned
models are used to describe the impedance characteristics of the
X-type capacitor, as shown in Fig. 3(a). It can be seen that the RC
network model in [12] can accurately describe the impedance
characteristics in the frequency range from 500 Hz to 95 kHz.
The RLC equivalent model in [14] can describe the impedance
characteristics in the range of 500 Hz to 900 kHz, and 2.4 MHz
to 30 MHz. Through impedance analysis, the impedance in
the frequency range from 500 Hz to 900 kHz determines the
value of the model parameter C, and the impedance in the
frequency range from 2.4 to 30 MHz determines the value of
the model parameter Lg. At the same time, the parameters C
and Lg determine the resonance point of the impedance. It
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Fig. 3. Comparison of models. (a) Impedance-frequency characteristics de-
scribed by RC network model [12] and complicated RLC series-parallel equiv-
alent model in [14]. (b) 7m-type DM EMI filter insertion loss characteristics
described by RC network model [12] and RLC series-parallel equivalent model
in [14].

can be seen that the model does not have enough degrees of
freedom to describe the information of the resonance point, and
the impedance fitting error at the resonance point is relatively
large. The measured resonance point frequency is 1.42 MHz,
while the fitted resonance point frequency is 1.68 MHz.

Further, use the compared model to calculate the insertion
loss of the m-type DM EMI filter. Among them, the two
X-type capacitors in the 7-type DM EMI filter adopt the model
to be compared, and the inductor adopts the measured data of
the 500 nH DM inductor, the insertion loss calculation results
are shown in Fig. 3(b).

For the RC network model, at the frequency of 1.315 MHz,
the impedance phase angle is larger than the measured data,
thus the calculated insertion loss is smaller than the measured
insertion loss with an error of 7.49 dB. For the RLC equivalent
capacitance model, the impedance phase angle at 1.315 MHz
is smaller than the measured data, thus the calculated insertion
loss is greater than the measured insertion loss with an error of
14.36 dB. According to engineering experience, the operating
frequency of the DM EMI filter of the power electronic converter
is 150 kHz to 2 MHz, and an error higher than 7.49 dB will have
a significant impact on the design of the EMI filter.

Continue to discuss the complicated RLC equivalent circuit
model in [14], as shown in Fig. 1(g). According to [14], the
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Fig. 4.
[15].

Limitations of complicated RLC series-parallel equivalent model in

term Rg is the equivalent series resistance (ESR). The term R p
represents the leakage resistance of the dielectric. The terms
Lg and R, denote the parasitic inductance and resistance of the
capacitor leads and terminals, respectively. The terms Cp4 and
Rp4 are related to the polarization effect of dielectric materials.
Although the parameters in the model correspond to the phys-
ical meaning of the electromagnetic field in the capacitor, the
topology of the lumped elements of the model is obtained by
inference, and the model is still a black box model in essence.
Table I shows the convergence solution obtained by the same
extraction method under two different initial values.

It can be seen that both convergence solutions can accurately
describe the impedance characteristics of the component, as
shown in Fig. 4. It is because the existing models are black-box
models that can only describe the external characteristics of
the model. The parasitic parameters are directly extracted from
the parasitic parameters of the black box, and the obtained
parameters are multisolution, which is challenging to be used
to establish the capacitor aging model.

It can be seen that the direct application of the current model
to EMI design has limitations. This article conducts research
around the above-mentioned problems: first, it is necessary to
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Fig. 5. Two-section EMI filter typical application in EVs.

propose a circuit model with sufficient accuracy, which needs
to be guaranteed by the corresponding circuit topology; at the
same time, this article needs to propose a parameter extraction
method oriented to engineering practice and ensure that the
extracted parameters are unique. This is the key to the model’s
applicability to aging prediction.

III. HIGH-FREQUENCY MODEL ESTABLISHMENT OF
CAPACITORS AND INDUCTORS

Unintuitive noise source waveforms can be decomposed into
a series of harmonics so that the impedance of passive com-
ponents at different frequencies can be tailored to keep EMI
within standard limits. This requires an understanding of the
frequency-dependent characteristics of the EMI propagation
path impedance model. The high-frequency band range studied
in this article is 150 kHz to 30 MHz, which is also a common
frequency band for conducted EMI measurement.

The typical application in EVs of a two-section EMI filter is
shown in Fig. 5. An EMI filter is designed to suppress the EMI
emission of the DUT. It should be noted that there are no artificial
networks (ANs) in practical EVs. ANs are used to simulate the
typical impedance of sensitive equipment to measure the EMI
emitted by DUT, in the EMI emission measurement based on
the corresponding EMC standard [23]. This article focuses on
the impedance of the capacitors and inductors themselves.

A. Capacitors

According to the function of capacitors, capacitors in EMI
filters can be divided into X-type capacitors and Y-type capac-
itors. The X-type capacitor is connected between the positive
power line and the negative power line, and the Y-type capacitor
is connected between the power line and the ground. One model
of an X-type capacitor and a Y-type capacitor are shown in Fig. 6.

First, establish the high-frequency model of the X-type capac-
itor. According to [24], the X-type capacitor is made by winding
a plastic film sprayed with metal aluminum under the vacuum
environment, and its structure is shown in Fig. 7. Among them,
the term d; represents the thickness of the metalized coating, the
term d5 represents the thickness of the plastic film, the terms 7
and /; represent the length and width of the plane of the winding
center, and the term N represents the total number of winding
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Fig. 6. Capacitors in EMI filter. (a) X-type capacitor. (b) Y-type capacitor.
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Fig.7.  Structure of X-type capacitor. (a) Side sectional view. (b) Top sectional
view.
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Fig. 8. Three parts of X-type capacitor for electromagnetic field analysis.
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Fig. 9. Electromagnetic field analysis of capacitance. (a) Top part and bottom
part. (b) Middle part.

layers. According to [25], the thickness of d; is 0.01-0.1 pm,
and the thickness of do is 10-1 pm.

According to the side view, the electromagnetic field inside
the capacitor will be solved in three parts, as shown in Fig. 8.
The geometric structure of the top and bottom of the capacitor is
a concentric circle structure. According to [26], the electromag-
netic field distribution is shown in Fig. 9(a), and the dotted line in
the figure indicates the electric force line. The electromagnetic
field distribution of this structure satisfies the Laplace equation,
which can be solved to obtain the electromagnetic field of this
area where the electric field is concentrated on the top and bottom
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capacitance. (a) Electromagnetic field analysis. (b) Equivalent circuit.

of the capacitor, and the capacitance C,. and C 4. can be used to
describe the characteristics of this area. The terms C,,. and C .
are shown as follows:

Cuc (n) = mldz n=1,--- ,N—1) (1)
In (1+7n(d1+d2))
Cdc (n) = ﬂ-gll (n = 2a e 7N) (2)

d
In (1 + n(dlid2)>

where the term 7 is the location of winding layers. The term ¢
the dielectric constant. According to [27], the dielectric constant
of the plastic film is subjected to aging, and the impedance -
frequency is approximately constant.

The geometric structure in the middle of the capacitor is
a plate structure. According to [26], its electromagnetic field
distribution is shown in Fig. 9(b). Similarly, the electromagnetic
field distribution of the plate structure satisfies the Laplace
equation, and the term C,, is used to describe the characteristics
of this region, shown as follows:

Ehlll

Cp=2(N—1) 3)

As shown in the cross-section of the capacitor in Fig. 7(b), the
capacitor plates are connected by the metal on both sides of the
capacitor, and according to [28], d5 is usually larger than 0.5 mm.
Its electromagnetic field distribution is shown in Fig. 10(a).
Since d3 is much larger than d», it can be considered that the
red plate extends wirelessly toward the negative direction of
x-axis, as shown in Fig. 10(b). According to [26], the capacitance
per unit length due to edge effects is shown in the following
equations:

cf:;{fln <i+1> - <i—1> In (:2—1)}(F/m)
4)
dy

The edge effect capacitance can be obtained as follows:

cr-t{tn(t)- (- )u(h ) o

where the term L is the length of plastic film sprayed with metal
aluminum.
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Fig. 12.  Electromagnetic field analysis of capacitor pins. (a) Structure of the

capacitor pins. (b) Geometric parameters of the capacitor pins.

The capacitance of this structure can be obtained as follows:

N
C=Cp+Cs+ ) [Cu(n)+ Ca(n). )

Since the capacitor dielectric is in the high-frequency electro-
magnetic field, the electrode turns lossy can be described by the
dielectric loss angle, and the corresponding lumped parameter
model is the equivalent series resistance Rg, as shown in the
following equation:

tan o
wC

Capacitor dielectric has a certain conductivity, this feature
also causes current to pass through the capacitor under dc,
and this resistance corresponds to Rp, dc leakage resistance,
as shown in the following equation:

®)

Rs = Xctano =

pds

Br =55y ©
The lumped parameter model corresponding to the electro-
magnetic field between the capacitor plates is shown in Fig. 11.
The metal coating of the capacitor is connected through two
side electrodes, as shown in Fig. 12. According to the super-
position theorem of electromagnetic field, the electromagnetic
field of the side electrodes is analyzed. According to [29],
the symmetrical structure can be regarded as the transmission
line model of the plate-to-capacitor symmetry plane, and the
electrodes on the side of the capacitor can be regarded as the
connection of the two transmission lines /5 and 3. Through
the extraction of the capacitance of the 3-D structure [30], the

capacitance C; of the /5 segment is shown as follows:

w d 0.222
C1 =1ped1.15( — ) +2.80( = x 102, (10)
ha ha
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Fig. 13.  X-type capacitor high-frequency equivalent model. (a) Lumped pa-
rameter model. (b) Simplified lumped parameter model.

The capacitance C; of the I3 segment is shown as follows:

w d 0.222
Oy =13c{1.15( — ) +2.80( = x 102, (11)
h3 h3

In a transmission line, the inductance can usually be obtained
according to the unified relationship between electric field and
magnetic field [26], shown as follows:

€
c? C 1 '

Using the T-type equivalent circuit model of the transmission
line, the lumped parameter model of the pin is finally obtained,
as shown in Fig. 13(a), which is finally simplified to Fig. 13(b).

The common structure of the Y-type capacitor consists of a
metalized plate, a ceramic dielectric, and metal pins. Its capacitor
structure is a circular flat capacitor. The parameter C in the high-
frequency aging model can be replaced by using the following
equation:

Ly =

12)

cA
C==

where ¢ is the dielectric constant, A is the surface area of the
capacitor, and d is the thickness of the capacitor. Thus, the Y-type
capacitor model can also use the same model as shown in Fig. 13.

13)

B. Inductors

The inductors in the EMI filter can be divided into DM
inductors and CM inductors according to their functions. The
structures of commonly used DM inductors and CM inductors
are shown in Fig. 14.

The CM inductor structure is different from the DM inductor
structure, but the topological composition of the CM inductor
model is usually common to the DM inductor model. The
specific principles are explained as follows:

The commonly used DM inductor model in the industry is
shown in Fig. 15(a). Among them, C x4 represents the parasitic
capacitance of the winding to the ground. CK; is usually directly
related to the grounding of the PCB, so it is usually not included
in the inductor model. The circuit model composed of Rp,
Cpi, and L, is generally considered to be the model of the

(2 (b)

Fig. 14.
inductors.

Structure of inductors in EMI filter. (a) DM inductors. (b) CM
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Fig. 15.  Model of inductors in EMI filter. (a) DM inductors. (b) CM inductors.
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Fig. 16. DM and CM model decomposition of CM inductor. (a) DM

impedance model. (b) CM impedance model.

inductor itself. As mentioned in the introduction, this part of this
circuit topology can be a variety of structures. Here, the parallel
connection of Rp1, Cpy, and L will be used for further analysis,
where Rp; represents the core loss when the high-frequency
current passes through the inductor; C p; represents the interturn
parasitic capacitance during winding, and L; represents the
inductance formed by the winding around the core.

The winding of the CM inductor is similar to that of the DM
inductor in Fig. 14(b), and the corresponding model of the CM
inductor is shown in Fig. 15(b). Unlike the DM inductor model,
the CM inductor model includes a mutual inductance model.
The term k is coupling coefficient, and the term L; and Lo
are coupling inductance. The terms RP{, CPy, RP1, and CP1
have the same definition as DM inductor. While CK; represents
the sum of the parasitic inductance between the windings and
the parasitic inductance between the windings to the ground.

When the CM inductor adopts the mirror winding method,
Cr1=Ckgo,Rp1 =Rpo, Cpy = Cpo, L1 = Ly. At this time, the
CM inductor can be decomposed into a CM impedance model of
the CM inductor and a DM impedance model of the CM inductor,
as shown in Fig. 16. It can be seen that the CM impedance model
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of the CM inductor and the DM impedance model of the CM
inductor have the same circuit topology as the DM inductor.

The Foster inductor model can describe the impedance-
frequency characteristics of inductors in a wide frequency range
[31]. This model will be used as the high-frequency model of
DM inductors and CM inductors in this article, as shown in
Fig. 17.

IV. SECTIONALIZED FREQUENCY PARAMETERS
EXTRACTING METHOD

Based on the above-mentioned content, the topology and pa-
rameter calculation method of the discrete capacitor and inductor
lumped parameter model in the passive filter are determined
through electromagnetic field analysis. Although the topology of
the model is determined, in the actual application of the model,
the values of the above-mentioned parameters are not easy to
obtain, and there is an error with the actual measurement. It is
necessary to use the parameter extraction method based on the
actual measurement to correct the model parameters.

According to Fig. 13(b), the impedance of simplified equiv-
alent circuit model can be obtained as shown in the following
equations:

(RBUQ + C;L) 05 — (RBU1 - C‘;i,) 04

Z =
03
(RBCH e ) o5 + (RBU2 + ) o4
+] e Zr— +wLp
(14)
R2
= Lew — — 21
o1 sw Cw(R%ﬁﬁ)
p— P1
g9 = RS + 402&)2(1'321:14‘021“,2)
o3 = UE + Ug , (15)
__1 _ Bp
04 = Cpw st + CUJ(RQPIJFﬁ)

J5ZRB+RS+

P1
C2w? (Rp + g2z )

Let the resistance values Rg and Rp be zero, while the re-
sistance values Rp be infinite, as shown in Fig. 18, and draw
its impedance characteristic curve, as shown in Fig. 19. It can
be obtained that the characteristic impedance has the following
characteristics: 1) The imaginary part of the impedance has three
zero points. Among them, resonance points A and C are the
series resonance points, while resonance point B is the parallel
resonance point. 2) The impedance characteristic of the zero-
resistance equivalent model is divided into four areas by three
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Fig.19. Impedance characteristic of zero resistance high-frequency equivalent
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zero points. The area where the phase is —90° is the capacitive
area. The area where the phase is 90° is the inductive area. 3) The
magnitude characteristic in the impedance characteristic curve
contains a minimum point at frequency point A, while the phase
characteristic in the impedance characteristic curve contains a
minimum point between the resonance point B and the resonance
point C. The frequencies of the three resonance points can be
obtained as follows:

fa (16)

fB= (I7)

fe (18)
where

a = LpLSCCB (19)

b=LsC+ LpCp+ LpC

When C is much larger than Cp, (16) can be simplified to
(20).
1

fa=—F—m— (20)
27/ LsumCsum
where
1 1 1
Cm ~CTTp ) (1)
Lym =Ls+Lp

The influence of each parameter on the impedance character-
istic curve is described in detail in the Appendix. The following
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Fig. 21. Frequency area selected in step 2 of the SFPE extraction method. V. HIGH-FREQUENCY AGING MODEL ESTABLISHMENT OF

conclusions can be drawn: 1) C, Rp, and Rg determine the
impedance characteristics of frequencies smaller than point A. 2)
Lg, Cp, Rp, and L p determine the characteristics of frequencies
greater than point A. Therefore, the parameter value can be ex-
tracted based on the frequency band. The following sectionalized
frequency parameter extraction method is proposed based on the
above-mentioned analysis.

1) Term Cgypy Lgym Roum Extraction: Based on (14) and the
primary circuit principle, in the 700 kHz—2 MHz frequency band,

shown in Fig. 20, (13) is approximated as follows:
1

wc’sum

The complex function can be split into a real part function
and an imaginary part function for fitting as follows:

{func.l =real (Z) = Rg

Z = Rs + jwLon + (22)

1 - (23)

wCsum

funec.2 = imag(Z) = wLgym —

2) Term Rp Extraction: In the 100 Hz—100 kHz frequency
band, shown in Fig. 21, (14) is approximated as follows:

1 .
P —— + jwLsum + Rsum-

Z = (24)

jwCsum

CAPACITORS AND INDUCTANCES

In this article, the accelerated aging experiments of electrical
and environmental stress are carried out on various commonly
used square-shaped X-type capacitors, pie-shaped Y-type capac-
itors, DM inductors, and CM inductors, as shown in Fig. 23.

The electrical stress aging test platform fixtures for capacitors
and inductors are designed, respectively, as shown in Fig. 24.
Among them, the capacitor applies 1.2 times the rated voltage
as a constant electrical stress, and the inductor applies 1.5 times
the rated current as a constant electrical stress.

The electrical stress and environmental stress aging exper-
iment platform is shown in Fig. 24. Accelerated aging ex-
periments were performed on capacitors and inductors under
constant thermal stress (135 °C) and constant humidity (50%).
In order to apply 1.5 times of the rated current to the inductor as
a constant electrical stress, it is necessary to use a series resis-
tance for the inductor as a bias load outside the environmental
chamber.

A. Capacitors

According to the concept of capacitor life and its reliability,
after the capacitor fails, its impedance-frequency characteristic
aging no longer satisfies the Arrhenius model [32]. Itis necessary
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Fig. 23.  Electrical stress accelerated aging test fixture. (a) X-type capacitors
and Y-type capacitors test fixture. (b) DM inductor and CM inductor test fixture.

Power
supply

Power
® supply

Capacitors under
aging test

¥ ° '
| Ambient temperature
chamber

(a)

i

|
Ambient temperature
chamber

(b)

Fig. 24.  Environmental stress accelerated aging test fixture. (a) X-type and
Y-type capacitors test setup. (b) DM inductor and CM inductor test setup.

to perform device failure judgment and frequency impedance
tests on capacitors and inductors at intervals of aging time. The
measurement method is shown in Fig. 25. Use a low-frequency
capacitive impedance analyzer to measure the capacitance value
and the dielectric loss tangent, and its variation with time is
shown in Fig. 26. According to the datasheet provided by the
capacitor device, capacitors can be judged whether they are in-
valid by the value of electrical parameters: (1) The capacitance
value under the 1 kHz measurement drops below 90%. (2) The
dielectric loss tangent increases to specific value or more under
the 1 kHz measurement. It can be seen that the capacitor fails
after the accelerated aging test is carried out for 600 h. Therefore,
this article does not consider the data after capacitor failure.
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Use a vector network analyzer to measure the impedance of
the capacitor, shown in Fig. 27. According to [24], the structure
of the capacitor may change after failure, and its aging model
will no longer satisfy the Arrhenius model, so the data after 600 h
will no longer be used.

Based on the experimental data of the impedance charac-
teristics of the accelerated aging experiment, using the SFPE
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TABLE I
EXPONENTIAL FUNCTION FITTING RESULTS

Parameters ay by cy dy
C (F) 3.13x107% | =1.24x1072 | 9.64x1077 |—=5.55%x10"¢
Rpr (Q) 7.06x10° | —4.06x1072 | 8.55x10° 1.33x1073
Ls (H) 1.57x107" | =3.91x1073 | 2.25x10~° |—=1.71x107*
Rs (Q) 0.03x1072 | =3.98x107° | 5.86x1073 | 5.69x1073
Cs (F) 2.31x107% [ =1.37x107*| 3.39x107"" | 1.32x1072
R (Q) 9.88x1072 |—=9.22x10™*| 5.73x107* | 3.71x1073
Lp(H) |-1.08x10"2| 121x102| 127x10 | 1.03x10~*
TABLE III

EXPONENTIAL GOODNESS-OF-FIT ANALYSIS FOR EACH PARAMETER

Parameters R? Adjusted R? RMSE
C 0.9792 0.9689 1.841x10~°
Rp 0.2655 0.1737 2.729x10*°
Ls 0.2771 —0.0843 2.068x10~!°
Rs 0.9962 0.9943 3.570x103
Cs 0.0598 —0.0576 6.896x10~*
Ry 0.0021 —0.1226 1.852x1072
Lp 0.0077 —0.1164 3.156x107"°

method based on Section III, the variations of each parameter of
the high-frequency model changing with time are obtained, as
shown in Fig. 28.

It can be seen intuitively that the parameters C and R g may age
in an exponential function. Finds an exponential fit to data with
individual parameters over time. Take three typical parameters
C, Rg, and Lp as examples for analysis.

Use the following fitting formula (27) to fit each parameter,
and the fitting results are shown in Table II:

func.7 = ape?t 4 coeo?, 27

The goodness of fit can be quantitatively in Table III. The term
SST is called the sum of squares about the mean, SSR is the sum
of squares of the regression, SSE is the sum of squares due to
error, and R? is R-square. While the residual degree of freedom v
is defined as the number of response values n minus the number
of fitted coefficients m estimated from the response values. MSE
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TABLE IV
ANDERSON-DARLING TEST RESULTS FOR EACH PARAMETER

Parameters Mean Standard | Anderson—Darling
deviation test
Rr () 2.16x10° 2.90x10° Ture
Ls (H) 2.38x107% | 2.64x1071° Ture
Cs (F) 2.34x10-% | 2.57x10°° Ture
R (Q) 9.9x10% | 7.20x1073 Ture
Lp (H) 1.28x10~% | 3.25x1071° Ture

is the mean square error or the residual mean square, while
RMSE is the root mean squared error [33].

According to [33], the adjusted R? statistic can take on any
value less than or equal to 1, with a value closer to 1 indicating
a better fit. Negative values can occur when the model contains
terms that do not help to predict the response. An RMSE value
closer to 0 indicates a fit more useful for prediction.

Based on the aging law reflected in Fig. 26, it is assumed that
C and Ry are exponentially distributed. According to the above-
mentioned mathematical basis, it can be seen from Table III
that the aging laws of C and Rg are determined to satisfy the
exponential function aging law (26). According to the Lp aging
law in Fig. 29, it can be assumed that the data of Lp presents
a normal distribution, and the Anderson—Darling (AD) test is
used to test whether this assumption is correct. AD test results
are shown in Table IV. It can be seen that the above-mentioned
hypothesis cannot be rejected when the significance level « is
0.05, so it can be finally determined that the parameters Rp, Lg,
Cp, Rp, and Lp are constant within the life of the capacitor.

Finally, the high-frequency aging model of X-type capacitor
is shown in Fig. 30. According to the aging data of 20 capacitors
inFig. 31, the high-frequency aging model can be obtained based
on the method proposed in this article. When the significance
a = 0.05, the model is shown in Table V.

The meaning of the confidence interval in the figure is that
the actual model has a 95% probability of being located in this
interval, while the prediction interval means that the measured
data has a 95% probability of being located in this interval.
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TABLE VI
HIGH-FREQUENCY AGING MODEL OF Y-TYPE CAPACITORS
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Aging model of parameter C and Rg.

TABLE V
HIGH-FREQUENCY AGING MODEL OF X-TYPE CAPACITORS

Parameter Mean Min Max
C a | 9.70<107 | 9.09x10~ | 1.03x10°
®) By, [=141x107 | —2.37x10~ | -0.45x10~
e | 1.68x10° |—441x10°| 7.77x10°°
dy | 2.01x107 |—8.68<10~ | 4.90x10~
Rs | av | 2.65%1072| 2.65x102| 2.65x102
Q@[5 | 1.99x10* | 1.99x10* | 1.99x10~*
e | 477x107 | 477x107 | 4.77x10°
dy | 601x107 | 601x107 | 6.01x107
Rr (MQ) 2.15 313 4.00
Ls (nH) 237 221 2.54
Cs (nF) 24.66 2172 24.99
Rs (mQ) 98.22 9451 103.71
Lr (nH) 12.89 12.59 13.00

It can be seen from Fig. 31 that the high-frequency aging model
proposed in this article is representative.

Using the same analysis method, and it can be known that
Y-type capacitors can also use the same topology of model. First,
measure the Y-type capacitor impedance-frequency change law
with aging, as shown in Table VI and Fig. 32.

It can be seen that the high-frequency aging model and pa-
rameter aging law of the Y-type capacitor are the same as those
of the X-type capacitor, as shown in Fig. 33.

Parameter Mean Min Max
C o 0.3936 0.2681 0.5190
(F)  [7p, ~0.0187 —0.0356 0.0019
c 4330 4419 4.642
do | =8.65x107 | —14.32x107° | —2.985x10~
Rs ay 140.5 —20.23 301.2
(mQ) [y | 124x107 | —5.681x107 | 5.931x107
) 5.505 Z166.3 1773
dy | 0.004389 —0.3263 0.0414
Rr MQ) 2.15 3.13 4.00
Ls (nH) 237 221 2.54
Cs (pF) 24.66 21.72 24.99
Ry (mQ) 98.22 94.51 103.71
Lr (nH) 12.89 12.59 13.00
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B. Inductors

Under the aforementioned environmental stress and electrical
stress, the aging law of the CM inductor is shown in Fig. 34, while
DM inductor is shown in Fig. 35. It can be seen that the aging
caused by the thermal stress and electrical stress of the inductor
is weak. The final high-frequency aging model is consistent with
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the model in [31]. Each parameter in the model is constant, and
its model can be extracted by using the method of measuring the
mean.

Finally, this article determines the high-frequency aging
model of capacitors and inductors under constant thermal stress
and thermal stress. This method can establish an aging model
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TABLE VII
PERFORMANCE FITTING COMPARISON OF DIFFERENT HIGH-FREQUENCY
MODELS
Model Items Adjusted R> | RMSE
RC-type model Magnitude 0.7341 71.7635
Argument 0.2793 2.48x10°
RLC-type model | Magnitude 0.9178 55.7618
Argument 0.7994 63.7739
Proposed model | Magnitude 0.9979 31.9318
Argument 0.9955 78.9258

under the condition that the structures of the X-type capacitor
and the Y-type capacitor are known.

VI. EXPERIMENTAL VERIFICATION OF PRACTICAL
APPLICATION

In this article, the following experiments are carried out to
verify the model and the prediction ability of the high-frequency
aging model: (1) The impedance fitting error of a single compo-
nent. (2) Prediction of a single component impedance affected
by aging. (3) Prediction of EMI spectrum by EMI filter affected

by aging.

A. Impedance Fitting Error of a Single Component

First, the fitting performance of the high-frequency model to
a single device is discussed. Compare the RC model, the RLC
model, shown in Fig. 1, and the high-frequency model proposed
in this article, as shown in Fig. 36 and Table VII.

It can be seen that among all the compared models, the high-
frequency aging model proposed in this article has the highest
adjusted R-square and the smallest RMSE; that is, it has the
highest accuracy. A high-precision model can ensure that the
model can be applied to the field of EMC, thereby ensuring
the accuracy of the high-frequency aging model based on the
high-frequency model.

B. High-Frequency Aging Model Prediction

In practice, the internal structure of the X-type capacitor and
the Y-type capacitor is usually unknown. A model prediction
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method for practical applications is proposed in this article. The
method is shown in Fig. 37. After an impedance measurement
(100 Hz—-30 MHz), the initial values of the individual parameters
can be determined. At this time, the impedance of the model at
1 kHz can be obtained through the datasheet or the aging test data
set. Based on (14), two equations of the real part and imaginary
part can be established, and then the values of Cyy,y,, Lsym, and
Rg, can be obtained, and then the aging law of its impedance
characteristics can be predicted.

Based on the earlier, the transformation law of the high-
frequency impedance characteristics of the X-type capacitor
with aging can be obtained. The impedance of capacitors with
different aging levels is measured, and the measured data are
compared with the impedance results calculated at different
aging times according to the proposed aging model, as shown in
Fig. 38. It can be seen that the proposed model can accurately
predict the impedance change of the X-capacitor within 600 h.

C. Prediction of EMI Spectrum by EMI Filter Affected by
Aging

In this article, a 5-kW motor experiment platform is built to
verify the practicability of the model, as shown in Fig. 39. And
the schematic diagram of the experiment is shown in Fig. 40. The
motor driver is placed outside the ambient temperature chamber
as the load of the EMI filter, and the EMI filter subjected to
environmental stress and electrical stress continues to age.
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Through the aforementioned Table VI, the predicted CM
insertion loss and DM insertion loss of the EMI filter are shown
in Fig. 41. Based on the EMI noise measurement of CISPR25,
it can be seen that the performance of the DM filter is degraded
due to the aging of the X-type capacitor, which is consistent
with the prediction of the DM insertion loss of the EMI filter.
Correspondingly, the CM noise suppression function of the EMI
filter is mainly achieved by the CM inductor. The CM inductor
is less affected by electrical stress and thermal stress, so the CM
insertion loss of the EMI filter is less reduced, and ultimately the
CM noise spectrum has less influence. Then predict the failure
time of the EMI filter due to aging, as shown in Table VIII.

It can be seen that after the aging of the motor driver for 400 h,
the conduction emission EMI exceeds the standard, which is
consistent with the model proposed in this article, as shown in
Fig. 42.
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TABLE VIII
PREDICT RESULTS OF THE FAILURE TIME OF THE EMI FILTER DUE TO AGING
WITH DIFFERENT MODELS

Models Failure | Min failure | Max failure
time time time
/hour /hour /hour
RC model 1252.2 1000.2 1644.7
RLC model 501.5 420.4 602.9
Proposed model 383.1 354.8 420.2

It can be seen that after the motor driver is aged for 400 h,
the conducted emission EMI exceeds the standard, as shown
in Fig. 22. The EMI filter DM suppression EMI failure time
prediction calculation results fall within the calculation range
of the prediction model proposed in this article. At the same
time, at 200 h, the experimentally measured DM conduction
EMI amplitude increases by 10.61 dBuV, which is 12.37 dB
attenuation compared with the theoretically calculated insertion
loss. It is consistent; at 400 h, the experimentally measured DM
conduction EMI amplitude increases by 22.98 dBpV, which is
consistent with the theoretically calculated DM insertion loss
attenuation of 21.03 dB. At the same time, the experimental
measurement of CM EMI is hardly affected by aging, which is
consistent with the predicted insertion loss change of 0.5642 dB.
The above-mentioned experiments verify the effectiveness and
accuracy of the proposed model.
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VII. CONCLUSION

This article establishes a lumped parameter high-frequency
aging model based on electromagnetic field analysis for passive
electronic components in EMI filters. The characteristics of this
article are organized as follows:

1) The proposed model explains the law of impedance degra-
dation of passive devices affected by aging in the fre-
quency range of 150 kHz-30 MHz, the goodness of fit
of impedance amplitude and argument angle, and the
adjusted R square is greater than 0.99.

2) The proposed model establishes a high-frequency aging
model within the 95% confidence interval, which can
effectively describe the changing trend of passive devices
affected by aging.

3) The proposed parameter extraction method only needs one
high-frequency impedance measurement to complete the
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aging prediction of its impedance, which is suitable for
EMC analysis considering aging and provides a full life
cycle EMC design for data centers and EVs.
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