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Abstract—Metallized polypropylene capacitors (MPPCs) are
widely used in the modular multilevel converter (MMC) for high
voltage direct current transmission systems, because of their
lower power losses and self-healing capability. The performance
of MPPCs in MMC deteriorates with time due to the increase of
equivalent series resistance and decrease of capacitance.
Therefore, the reliability analysis of MPPC is critical. This paper
proposes a finite element method (FEM) to analyze the reliability
of MPPC by considering corrosion failure. Firstly, the equivalent
electric model and actual thermal model of the MPPC are
established to calculate power losses and temperature distribution
of the MPPC. Secondly, the corrosion failure of the MPPC is
analyzed and simulated by the FEM model, the lifetime model of
MPPC is established by the aging model of polypropylene film,
and is verified by the traditional life-time model of corrosion
failure and the floating aging tests. Finally, the voltage of each
sub-module (SM) is extracted in the MMC model, and the lifetime
of MPPCs in each SM is analyzed combining the FEM model and
the lifetime model. The results show that in the MMC, the SMs in
each arm near the DC line or the middle part have a lower lifetime
of MPPCs.

Index Terms—Corrosion failure, finite element method,
lifetime prediction, metallized polypropylene power capacitors.

|. INTRODUCTION

Metallized polypropylene capacitors (MPPCs) are
commonly used in the modular multilevel converter
(MMC) due to their advantages of high current carrying and
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self-healing capability [1,2]. However, some studies have
shown that the failure rate of capacitors used in electrical power
converter occupies about 30% [3]. Hence, the reliability
analysis of MPPC:s is critical for the safe and robust design of
the converter. During the aging process, the equivalent series
resistance (ESR) increases and the capacitance decreases in the
MPPCs, which eventually leads to failure of MPPCs and
threatens the safe operation of MMC [4]. The MPPCs are
mainly composed of polypropylene films and electrodes, and
the thicknesses of polypropylene films and electrodes are 6 um
-17 um and 20 nm-40 nm, respectively, the volume of
polypropylene film takes more than 90% in the MPPCs [5].
Thus, the aging of the polypropylene film is important to
analyze the reliability of the MPPCs, and the voltage and the
temperature are the main factors affecting the lifetime of
polypropylene film [6]. In order to analyze the reliability of the
MPPCs, it is necessary to find the degrading process of voltage
and temperature in the MPPCs and the lifetime model of the
polypropylene film.

In recent years, many researchers have studied the effects of
MPPCs lifetime on temperature and voltage. In [7], some
experimental results have shown that the lifetime of MPPCs
decreases with increasing of temperature and voltage. M.
Makdessi et al. do some aging experiments; the results have
shown that voltage and temperature affect the capacitance of
the MPPCs [8]. But all the results are based on the MPPCs
aging experiments, which take thousands of hours. In order to
save time, a simulation method is needed to analyze the heat
flow and voltage/current distribution during the aging process
of the MPPCs. Z.W. Li et al. have built a thermal field model
with a finite element method (FEM) to verify the temperature
rise of a single MPPC during the aging process [9]. J.
Ostrowski et al. have built an electric 3D-simulation model to
analyze the electric potential of a single MPPC with a real
structure [10]. However, in the thermal field model, the power
loss of MPPC was calculated by a mathematical model without
considering the electric field effect. In the electric field model,
the whole MPPC model with all structures is very difficult to
build, the researchers only construct some part of the MPPC,
which is unable to extract the power loss of the total device.
Therefore, it is necessary to build an electric model combining
with the operating conditions to extract the power loss of the
MPPC and calculate the temperature of MPPC through the
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thermal field model.

At present, the reliability evaluation of MPPCs is mainly
based on power cycling experiments and
mathematical-statistical methods [11-13]. In [11], a Weibull
statistic method has been used to calculate the failure rate of
MPPCs. In [12,13], two mathematical methods have been used
to calculate the reliability of MPPCs by considering
capacitance loss. Q. Sun et al. have proposed a reliability
assessment model for MPPCs based on degradation testing,
which considers the degradation of MPPC capacitance [14]. H.
Wang et al. use an empirical model to calculate the lifetime of
MPPCs, which considers the effect of temperature and voltage
stress [15]. L. P. Tomas discusses the effect of system
harmonics and unbalanced loads on the reliability of capacitors,
the harmonics and unbalanced loads reduce the lifetime of
capacitors [16]. Although these methods consider the effects of
capacitance, temperature, harmonics, and voltage on MPPCs
lifetime, the operation conditions in these methods are constant,
the influence of the aging process on MPPCs performance is
not considered, and the effects of capacitance reduction on
temperature and voltage during MPPCs aging are ignored. Thus,
it is necessary to establish an MPPCs lifetime model and
analyze the effect of capacitance on MPPCs performance
during an aging process.

This paper is organized as follows. Section Il provides an
equivalent electric field model to analyze the electric stress and
to extract the power loss of a single MPPC, and a thermal field
model considers equivalent material parameters to calculate the
temperature distribution of the MPPC. In section Ill, the
corrosion failure is analyzed and simulated by FEM method, a
lifetime model of MPPC is proposed by considering

polypropylene film failure and verified by traditional lifetime ©
model of corrosion failure and the floating aging tests. Section e m(RRn)/100 —H)
IV presents an MMC model to extract the voltage change of i ﬁ
each MPPCs in sub-models (SMs), which is used to calculate he S S M
the lifetime of all MPPCs in MMC. Section V concludes the /
paper. ‘|‘
10
Il. FINITE ELEMENT MODELING AND ANALYSIS Hin

A. Electric field simulation of MPPC )

A two-section MPPC in the MPPCs device is shown in Fig. 1. Fig. 2. Equivalent modeling of two-section MPPC. (a) the actual model; (b)
The two-section MPPC consists of a mandrel sprayed-end the expand model with one radius cutting; (c) the equivalent model; (d) the
' ' simulation model.

metallized polypropylene films, and electrodes. Two metallized
&/ polypropylene films are wound onto an insulating mandrel to

Film B create the MPPC, and each side is sprayed with metal zinc
particles. The electrodes on the metallized polypropylene films
are composed of aluminum (Al), zinc or aluminum-zinc alloy,

Electrode 2 ]
4 and the layout of electrodes on the two metallized

‘4 Mid polypropylene films is different. The thickness values of the
margin electrode and polypropylene are in nanometer ranges and
micrometer ranges, respectively [5].
The MPPC is made by stacking two metallized
polypropylene films and winding them on the mandrel, each

metallized polypropylene film has a thickness in the
micrometer ranges and MPPC has a thickness in millimeter

Sprayed-end

margin

Electrode 1

Film A

Fig. 1. Structure of a two-section MPPC.
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ranges. Therefore, in the MPPC, more than 1000 layers of
metallized polypropylene films stacked around the mandrel. If
the two-section MPPC is constructed with the actual structure
in the FEM model, the modeling method and the mesh elements
are complicated and large, which is difficult for electrical filed
simulation. Thus, an equivalent modeling method is proposed
to simulate the electric field of the MPPC, as shown in Fig 2. In
Fig. 2(a), the sprayed-ends and mandrel in the MPPC are
ignored, the Ry is the radius of the MPPC, the Ry, is the radius of
the mandrel, hc is the width of the metallized polypropylene
film, z is the axial direction, x and y are the radial directions.
Cut any radius in the MPPC, the expansion diagram is shown in
Fig. 2(b). The metallized polypropylene films with different
lengths are stacked together, the height of it is Rp-Rm, the width
of it is he, the shortest length of it is 2nxRy and the longest
length of it is 2axR,. Cut the lift area of the metallized
polypropylene films and move it to the right side in Fig. 2(b).
The new structures are shown in Fig 2(c), which consists of
many metallized polypropylene films with the same length of
nx(Rp+Rm), the height and the width in Fig. 2(c) have the same
sizes in Fig 2(b). The simulation model of the MPPC is further
simplified, as shown in Fig. 2(d), the height of the equivalent
model changes to 100 pm, it is about 20 layers of the metallized
polypropylene films. Keep the width and volume of the MPPC
constant, the length of the MPPC equivalent model changes to
nx(Rp?-Rm?)/100 m.

Voltage

or
Curten

y
X;Z

GroundT
Fig. 3 The mesh result and the boundary condition of the MPPC.

The COMSOL 5.4 software is used for MPPC modeling. The
mesh results and boundary conditions are shown in Fig. 3. The
voltage/current is applied on one side of the MPPC and the
other side connects to the ground. The x-axis size is enlarged by
a factor of 10000 in Fig. 3, the physics-controlled mesh method
with an element size of normal is used to mesh the equivalent

TABLEI
MATERIALS PROPERTIES FOR ELECTRICAL SIMULATION

. Relative Permittivity Conductivity
Material ) (S/m)
Polypropylene 22 5.5x10%3
Aluminum 1129 3.77x107
TABLEII
PARAMETERS FOR ELECTRICAL SIMULATION
Parameters Unit Value
\oltage \Y 4400
Ground \Y 0
Frequency Hz 1000
Duty ratio / 0.5

model in the COMSOL. The number of body elements in the
MPPC is 54488, and the number of boundary elements is 22896.
In electric field simulation, a voltage or a current is applied to
one sprayed-end, and another sprayed-end is connected to the
ground.

The electric filed simulation in COMSOL software considers
three equations, which is the displacement current equation (1),
the Ohm’s law equation (2) and the electric field calculation
equation (3), respectively.

VxJ=Q; )
\]:O-XE"'J-WD"'-Je (2)
E=-VxV (3)

Where V is the operator of Laplace, J is the current density
vector, Qj is the distributed current source, ois the conductivity,
E is the electric field vector, jwD is the displacement current, Je
is the externally generated current density, V is the electric

x 1000 V
4

3
2

Electrode 1

i Lenith i
Electrode 2
(@
%107 A/m?
20
16
12
Height
8
4
Length 0
(b)
x10° A/m?
20
16
12
Height
8
4
Length: 0
(©

Fig. 4 Electric simulation results of the MPPC. (a) Voltage distribution in the
MPPC model; (b) Current density in electrode 1; (c) Current density in
electrode 2.
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potential. Some material properties of the metallized
polypropylene films for electrical simulation are listed in Table
I [22, 29]. The electrical conductivity of the polypropylene is
about 10'7 S/m to 10'? S/m when the electric field strength
higher than 10° V/m, the electrical conductivity of the
polypropylene is higher than 1022 [28], the value of 5.5x10®
S/m is used in the simulation. Some parameters setting in the
simulation for electrical simulation are listed in Table II.

The electric simulation results of the MPPC are shown in Fig.

4. In Fig. 4(a), the voltage decreases from the one side (source)
to the other side (ground). On the metallized polypropylene
film both sides, the layout of electrode 1and electrode 2 is the
same as that shown in Fig. 1, the electrode 1 has two side
margins and the electrode 2 has a mid-margin. Between two
metallized polypropylene films, the voltage decreases from the
upper side of the electrode 2 toward the electrode 1. Then, the
voltage decreases from the electrode 1 toward the lower side of
the electrode 2. The height of the MPPC model is enlarged by a
factor of 50 in Fig. 4(b) and Fig. 4(c). In Fig. 4(b), the current
density of electrode 1 is lower on both sides and higher in the
middle area. In Fig. 4(c), the current density of electrode 2 is
lower in the middle area and higher on both sides. Therefore,
the power loss on both sides of the metallized polypropylene
film could be different. On the electrode 1, the voltage
distribution is even and the current is higher in the middle area,
the electrode 1 may generate more heat in the middle area. On
the electrode 2, the voltage decreases from the upper side to the

x10° W/m®

T47474747407674747674
RPN FOR YO TR T T R L L L
PAVAVAVAVAVAVAVAVAVYAN 0

(a)
0° W/m®
12
Height 8
4
Length 0
(b)

x10° Wim®

T 2
Height 8
4
0
Length
(©

Fig. 5 Volume power density of the metallized polypropylene films. (a)
Volume power density in the MPPC model; (b) Volume power density in
electrode 1; (c) Volume power density in electrode 2.

lower side, and the current is higher on the boundary side, the
electrode 2 may generate more heat at the boundary side.

B. Thermal field simulation of MPPC

To modify the thermal field distribution of two-section
MPPC, the volume power density of the MPPC can be
extracted by the electrical simulation results in the software, the
volume power density of the MPPC is shown in Fig. 5. In Fig.
5(a), the volume power density is the highest in the middle part
of the MPPC, the upper and lower sides have higher volume
power density than other parts. In Fig. 5 (b), the volume power
density in electrode 1 is the highest in the middle part and on
both sides are the lowest. In Fig. 5(c), the volume power density
in electrode 2 decreases from both sides to the middle part. The
average volume power density of the model is about 51543
W/ms,

Then, the actual MPPC model is used to the thermal
simulation, the model and boundary conditions are shown in
Fig. 6. In Fig. 6 (a), the actual MPPC model includes two
sprayed-end, one mandrel, and metallized polypropylene film.
The sprayed-end is made by zinc, the mandrel is made by
Polycarbonate, the metallized polypropylene film consists of
the Al electrodes and the polypropylene. The boundary
conditions are shown in Fig. 6 (b), the heat source is applied in
the metallized polypropylene film. The MPPC model operates
with air cooling, the ambient temperature is fixed. The model
meshes with the element size of fine, the number of body
elements in the MPPC is 37938, and the number of boundary
elements is 10776.

Mandrel Metallized
|:> Sprayed- polypropylene
end film

i
i
1

Ambient

>

; (]

o " .

N !

‘S\ 'ng .

temperature ¥ §§ '
1 %% ]

1§ =] '

H H ' 55—55 '
Air cooling -~ [ g;: .
[}

iSe=- |

v |

]

(]
L}
Heat source —34
L}
[]

(b)
Fig. 6 Thermal simulation model and boundary conditions of the MPPC. (a)
Actual MPPC simulation model; (b) Boundary conditions and mesh results.

In COMSOL software, the thermal
considers the following three equations.

field simulation

,o><Cp><%r+p><Cp><u><VT+V><qmnd =Q

4)
Qeond =—kxVxT (5)
—NXYgon = hX(Texl _T) (6)

where p is the density, C;, is the specific heat capacity, T is the
temperature, t is the time, u the velocity field defined by the
translational motion sub-node when parts of the model are

2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on March 27,2020 at 09:53:20 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.2981806, IEEE Journal

of Emerging and Selected Topics in Power Electronics

IEEE Journal of Emerging and Selected Topics in Power Electronics

moving in the material frame, the unit of it is m/s. Qcong IS the
heat flux of thermal conduction in the model, k is the thermal
conductivity, n is the direction vector, gconv is the heat flux of
thermal convection on the boundary condition, h is the heat
transfer coefficient, Tex is the external temperature, Q is the
total heat source. The MPPC model is fixed, u=0 m/s.
Equations (4) and (5) are used to calculate the thermal balance
in the model by heat conduction. Equation (6) is used to
calculate the thermal exchange in the boundary interface by
heat convection.

Some material properties of the metallized polypropylene
films for electrical simulation are listed in Table Il [17, 29].
The metallized polypropylene film consists of the Al electrodes
and the polypropylene, and the thicknesses of polypropylene
and Al electrodes are 5 nm and 10 pm, respectively. The
material properties of metallized polypropylene film can be
calculated by an equivalent material calculation method in
literature [17]. Some parameters setting in the simulation for
electrical simulation are listed in Table V.

TABLE IlI
MATERIALS PROPERTIES FOR THERMAL SIMULATION
Density Therm_al_ Specific_heat
Material (kg/m?) conductivity capacity
(W/(m X K)) (I(kg X K))
Polypropylene 900 0.22 1780
Aluminum 2700 238 900
Zinc (Sprayed-end) 7140 121 388
Polycarbonate
(Mandrel) 1200 0.19 1170
metallized 0.24 (z direction)
polypropylene film 905 0.36 (x, y direction) 905
TABLE IV
PARAMETERS FOR THERMAL SIMULATION
Parameters Unit Value
Ambient temperature < 15
Air cooling coefficient [5] W/(m2xK) 7
Heat source W/m?® 51543

In Fig. 7(A), the steady-state simulation results show that the
temperature decreases from the middle part to both sides, the
temperature on both sides is about 6 <C lower than the
temperature in the middle part. In Fig. 7 (b), in the MPPC, the
highest temperature in the middle part of the metallized
polypropylene film is about 37 <C. The temperature in the
mandrel is about 34 <C, and it is 3 <T higher than the
temperature in the sprayed-ends. Thus, the middle part of the
metallized polypropylene film in the MPPC may be the weakest
area and prone to failure.

C °C 5
36 %
35 35
34 34
33 3
32 2
31 21
@) (b)

Fig. 7 Thermal simulation results. (a) Temperature distribution of the MPPC;
(b) Temperature distribution of the cross-section in the MPPC.

C. The simulation results verification

The accuracy of the equivalent electric model and the actual
thermal model is verified by capacitance and temperature in the
MPPC, respectively. The electric parameters of polypropylene
are extracted in literature [18] and the geometric sizes of the
MPPC get from the literature [9]. The capacitance of the MPPC
can be calculated by equation (7) [19].

g, x & xIxw
C=2x22—"1

()
Where & is the vacuum permittivity, & is the relative
permittivity, | is the length of the metallized polypropylene film,
w is the equivalent width of the two electrodes on the
polypropylene film, d is the thickness of the metallized
polypropylene film. The calculation result of the capacitance is
14.12 pF.

The capacitance in the equivalent electric model is shown in
Fig.8. When the frequency is lower than 100 kHz, the
capacitance of the MPPC remains stable, and then the
capacitance of the MPPC drops sharply. When the frequency of
the MPPC is lower than 100 kHz, the relative errors of
capacitance between the equivalent model and the calculated
value are below 1%. This can be used to verify the accuracy of
the equivalent electric model.

14
L [— Calculate result
‘é’ —— Equivalent model
8

‘S

=4

[+

o

B 10

10° 0 10° 7 10°
Frequency %Hz)
Fig. 8 The capacitance of the MPPC.

Under the same working conditions in literature [9], the
currents of 298 A, 238 A and 170 A are simulated in the
equivalent electrical model, and the volume power density in
each current simulation result is extracted by the equivalent
electric model. The maximum temperature distributions of
different currents in the actual thermal model are shown in Fig
9. The temperature of the MPPC rises with the operation time.
When the MPPC operates 70 mins, the temperature of the
MPPC reaches the highest value. Compared with the
experiment results in the literature [9], the simulation results
have a high degree of fit with the experiment results, and the

= 298 A simulation results
—— 238 A simulation results /x/——x’*
604| ——170 A simulation results
~ x 298 A experiment results in [5
& 504 2 238 A experiment results in [5
g a 170 A experiment results in [5
S 404
g
g 301
= 20
10+ T g T T ,
0 10 20 50 60 70

13‘0 40
ime (min)
Fig. 9 Temperature simulation results of the MPPC.
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relative temperature error is less than 2 <C. Thus, by extracting
volume power density in the equivalent electric model, the
actual thermal model can be used to simulate the temperature
change of the MPPC during the operating time.

I1l. CORROSION FAILURE SIMULATION AND LIFETIME
MODELLING OF MPPC

A. Corrosion failure of MPPCs

The corrosion failure is a main failure mode in the MPPCs
when the MPPCs operate under high electric and thermal stress.
If the external Al electrodes in the MPPCs has a lower pressure
between two metallized polypropylene films, it is prone to
corrosion damage, the Al will form to Al,Os. During the
corrosion failure process, the corrosion parts progress from the
heavy metal edge to the internal part on the metallized
polypropylene film, the width of the electrode films is reduced
[20, 21]. The heavy metal edge is the sprayed ends in this paper.
The experiment results are shown in Fig. 10. In Fig 10 (a), the
initial corrosion failure occurs from the heavy metal edge to the
middle area. In Fig 10 (b), the corrosion failure forms the
insulation corrosion gap between the heavy metal edge and
metal film.

Due to the failure mechanism of the corrosion in the MPPC,
the width of the electrodes on the metallized film is reduced,
and the corrosion failure modeling method of the MPPC in the
FEM model is shown in Fig. 11. In Fig. 11 (a), the width of the
electrodes on the metallized films is unchanged before the
corrosion failure of the MPPC. In Fig. 11 (b), the width of the
electrodes on the metallized films is reduced by the corrosion
failure, the Al in the corrosion failure area is changed to Al,Os,
and the Al,O3 is not conductive. Thus, the corrosion failure
parts become the insulator.

Bottom layer Top layer

| Bottom layer

Heavy metal edge

(b)
Fig. 10 The corrosion of metallized films in the MPPC. (a) Initial corrosion
failure; (b) Corrosion failure.

The capacitance and ESR are related to the performance of
the MPPC. In the corrosion failure process of the MPPC, the

Heavy _
metal edge Middle
Margm
|
Film A
Electrode 1
FilmB
Electrode
Side
Al electrode Margin
(€Y
Heavy . )
metal edge Mldd_le Corrosion
Ma}rgm Alfo3

Film A
Electrode 1

FilmB
Electrode

Side
Margin

Al electrode

(b)
Fig. 11 The corrosion failure simulation in FEM. (a) The metallized films
without corrosion failure; (b) The metallized films after corrosion failure.

capacitance is decreasing and the ESR is increasing [22]. The
capacitance of the MPPC can be extracted in the FEM model by
COMSOL software. The ESR in MPPC can be calculated with
equation (8) [23].

ESR =R +2><7r[>)<Ff xC
®)
ESR:L
2x7x fxC )

Where the Rg is the resistance of the electrode, DF is the
dissipation factor, the DF of polypropylene is about 5 10*at
1000 Hz [24], f is the operation frequency, and C is the
capacitance of the MPPCs. The electrode resistance is very
small in the MPPCs, thus, the ESR of the MPPCs can be
changed to equation (9).

MPPC of C44PXGR5680RASK is selected as the case study
for the lifetime modeling in the MMC system, the rated voltage
is 2300V, the capacitance and ESR are 68 pF and 1.2
mQ, respectively [25]. Simulation with 1 kHz, ambient
temperature of 313 K and operation voltage of U/Ug=1, the
capacitance, ESR and temperature change in the MPPC during
the aging is shown in Fig. 12. Before corrosion failure, the
capacitance and ESR of the MPPC extracted by the FEM model
are 68.2 pF and 1.22 mQ, respectively. In Fig. 12 (a), the
capacitance decreases with the corrosion process in the MPPC.
The corrosion length increases from 0 mm to 3mm, the
capacitance of the MPPC decreases from 68.2 mF to 64.5 mF.
The capacitance in the MPPC is reduced by 5.4 %. The ESR
change trend in the MPPC is shown in Fig. 12 (b), the ESR
increases with the corrosion process. The corrosion length
increases from 0 mm to 3mm, the ESR of the MPPC increases
from 1.22 mQ to 1.25 mQ. Thus, by simulating the change of
corrosion length in the MPPC, different parameters can be
extracted during corrosion failure in the FEM model of the
MPPC. In Fig. 12 (c), the temperature of the MPPCs continue
to grow during the aging process when the capacitance is
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reduced by 5%, the temperature of the device rises from 40 <C
to 110 <C.

69 -
681
E
& 671
8
=
865
64— T T T
0 1 2 3
Corrosion length (mm)
(a
1.25
S 1041
E 1.24
?J; 1.234
122 r .
1 2
Corrosion length (mm)
(b)
100+
5
@ 80+
=
o
260
5
|_
40+
0% 1% 2% 3% 4% 5%
1-AC (%)
(©

Fig. 12 The capacitance, ESR and temperature curve during corrosion failure.
(a) The capacitance; (b) The ESR; (c) The temperature.

B. Corrosion failure of MPPC

During the corrosion failure, the capacitance of the MPPC
decreases, and the failure criteria of the MPPC is the
capacitance to reduce 5% [15]. The lifetime of the MPPC with
the capacitance change can be calculated by equation (10) [22].

CO_—kX\/t_ %x100%

0 (10)
where Cy is the initial value of capacitance, k is a consistent
parameter of corrosion failure, t is the operation time. Because
the corrosion failure process is the oxidation process, and the
kinetics of oxide layers approximately follows a parabolic law.
By the theory of the oxidation kinetics of Wagner, the diffusion
through the oxide film is limited by the process rate. Wagner’s
work showed that the development of an oxide layer at the
interface between metal and gas follows a square root of time
function [22]. Thus, some researches use square root time to
build the lifetime model of the MPPC.

However, in this lifetime model, the effect of temperature and
voltage on the lifetime of the MPPC cannot be reflected.
Because the main element of the MPPCs is polypropylene films,
the lifetime of MPPCs can be determined by the polypropylene
film. By considering the voltage in the lifetime model of

AC(%)=

polypropylene film, the linear lifetime model of polypropylene
film is calculated by equation (11) [26].

L = L)

0 11)
where U is the maximum voltage in operation condition, Ug is
the reference voltage, gis the coefficient, Lo is the initial life of
the MPPC. By considering the temperature in the lifetime
model of polypropylene film, the lifetime model of the MPPC
is calculated with the Arrhenius model as equation (12) [26].

L =L, xeXp|:—B>< (i—i)}

Ke Ki (12)

where B is a fundamental parameter for thermal stress, and B =

AWK, Ax is the activation energy of the aging process, Kk is the

Boltzmann constant, Kg is the reference temperature, in this

paper the value of Ko is 313 K, K is the highest temperature in
operation condition.

In the aging experiment, the lifetime of the MPPC is affected
by temperature and voltage, when the temperature and voltage
of the MPPC rise, the lifetime of the MPPC decreases [13-15].
Thus, the lifetime model of the MPPC should consider the
effect of voltage and temperature. Combining equation (11) and
equation (12), the lifetime of the MPPC can be calculated by
equation (13).

LU =Ly xexp{_sx(i_i)}
UO R T (13)
To obtain the constant parameter of #and B in the lifetime
model, the temperature acceleration factor and voltage
acceleration factor are defined. The voltage acceleration factor
is shown in equation (14), the value of Ky is equal to Kg, the U

in the molecule is equal to Ug, the U in the denominator is a

1
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Fig. 13 Acceleration factor fitting results of the MPPC. (a) Voltage
acceleration factor; (b) Temperature acceleration factor.
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variable. The temperature acceleration factor is shown in
equation (15), the value of U is equal to Uy, the Ky in the
molecule is equal to Kg, the Kt in the denominator is a variable.

g = LUK U,
L(UO’ Ko) U0 (14)
L(U,, K) 1 1
: =exp| ~Bx (- ——
L(UO’ KO) exp|: ( 0 T ):| (15)

Extracting the temperature and voltage acceleration factor
value of the MPPCs from IEC standard 61709 [27], the fitting
line results by using MATLAB are shown in Fig. 13.

In Fig. 13 (a), when the Ky=313 K, the voltage acceleration
factor decreases with the rise of operation voltage, and the
value of g is 4.81. In Fig. 13 (b), when the U/Uo=1, the
temperature acceleration factor decreases with the rise of
operation temperature, the value of B is 7232. Considering the
MPPCs used in the MMC system, the working voltage is
around 2100 V. When the MPPCs operates with K= 333 K and
U/Ug=1, the lifetime of the MPPC is about 140,000 h as shown
in datasheet [25]. The initial lifetime Lo of the MPPC is about
550,000 h, calculated with the operation conditions of Kr =313
K and U/Uy=1. Thus, the lifetime model of the MPPCs can be
expressed by the following equation (16). The lifetime
prediction of the MPPCs in different operating conditions is
shown in Fig. 14. In Fig. 14, the lifetime of the MPPC decreases
with temperature and voltage increase.

L(U,T)=55x10° x (Uir‘-81 xexp{—7232x (Ki_i)

0

0 } (16)

x10°

Fig. 14 The lifetime distribution of the MPPC.

To verify the lifetime model, the MPPC under different
operation conditions is simulated by FEM model, the voltage
and temperature are extracted to calculate the lifetime by
equation (13), and the failure criteria of capacitance
reduction 5 % in the MPPC is considered. By equation (10),
the values of k with different operating conditions are shown
in Fig. 15. The value of k increases with increasing of
temperature and voltage, when the temperature is 380 K
(around 100 <C) and U/Uq is 1.1, the value of k is between
1.8x10* uF/s®5 and 2.7x10* pF/s®5. Compared with the
experiment results in the literature [22], the operation
conditions are 100 <€ and U/U¢=1.1, the value of k is
between 1x10* uF/s®® and 6.9x10* uF/s®5, Thus, the value
of k calculated by the lifetime model is within the range of

value of k calculated by the experimental results, and the
effectiveness of the lifetime model is verified.

F/s®s

0.000696

15 0.000610
13 0.000524
a 0.000437
S11 0.000351
5 0.000265
0.9 0.000179
. 0.000093
0.000006

313 323 333343 353 363 373 383 393
T(K)

Fig. 15 the values of k with different operation conditions.

C. Experimental test

In order to identify the effectiveness of lifetime model, two
same MPPC devices were performed with the floating aging
tests, the experimental circuit is shown in Fig. 16. The rated
voltage of the MPPC is 2200 V, the DC source applied 3960 V
to the MPPC, U/Uo is equal to 1.8. The MPPC is put in a
thermostat, the ambient temperature is 90 <C. The capacitance
of the MPPC is extracted every 24 hours.

L
Y Ambient
temperature
L
[
Vge=3.96kV | =T |
I 1<,

Fig. 16 Experiment circuit of floating aging_test.

The experimental results are shown in Fig. 17. In test 1, the
MPPC operates for about 48 hours, the capacitance drops by
about 0.6 %. When the MPPC operates for more than 600 hours,
the capacitance decreases by about 1%. After 900 hours of
operation, the capacitance of the MPPC decreases rapidly,
about 100 hours later, the capacitance decreases by about 5%.
In test 2, the MPPC has been running for about 1000 hours with
almost no change in capacitance, and then the capacitance of
the MPPC decreases rapidly. After about 1100 hours, the
capacitance reduced by 5 %. Compares the life of MPPC in the
test and lifetime model. When the capacitance of the MPPC
reduced by 5%, the lifetimes of MPPC in test 1 and test 2 are
1032 hours and 1128 hours, respectively. By simulating the
same operating conditions in the proposed FEM model, the
junction temperature of the MPPC is 94 <C, and the life of
MPPC calculated by the lifetime model is 1086 hours. And the

100+

96 4{|—>¢— Testl
—+——  Test2

0 200 400 600 888 1000 1200
Time

Fig. 17 Experiment results.
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relative errors between the tests and lifetime model are 5 % and
3.9 %, respectively, the average error is about 4.5 %. Thus, the
relative errors are very low, the effectiveness of the lifetime
model is verified.

IV. RELIABILITY ASSESSMENT OF MPPCS IN MMC

A. MMC model

Many researchers verified that the waveforms in the
MMC-HVDC simulation model have a good fit with the
experimental waveforms [30-32]. Thus, in order to analyze the
reliability of MPPCs in the MMC system, the simulation model
of MMC was established by using MATLAB/SIMULINK
software. The topology of MMC is shown in Fig. 18, which
includes three-phase units (arm A, arm B, and arm C), and each
unit is divided into upper and lower arms (AU, BU, CU, AL,
BL, CL). Each arm is composed of 20 identical SMs. The
half-bridge topology is used in SM, it includes two IGBT
modules (T1, T2), two FRD modules (D1, D2) and an MPPCs
(C). Some operation parameters of the MMC system are listed
in Table V.

1, SM1 1.
SM? SM7 SM;

= Y S S
Au By Cu
Uc
A|_ BL CL

Fig. 18 The topology of MMC.

TABLEV
PARAMETERS OF THE MMC SYSTEM
Parameters Value
MMC nominal power 50 MW
DC link voltage 41 kV
AC system nominal voltage 38 kv

Number of SM 20

Capacitance in each SM 2000 pF
\oltage of each MPPCs 2050 V
Normal frequency 50 Hz
Carrier frequency 800 Hz
Arm inductance 0.01H
Arm resistance 0.004 O

The simulation results of the voltage waveform of the
MPPCs in each SM in the AU between 0.54 s and 0.6 s are
shown in Fig. 19. Although the voltage changing trend of each
MPPCs is almost the same, the voltage value of each MPPCs
still has some difference, the maximum value of each MPPCs
has a difference of 40 V, and the minimum voltage of each
MPPCs has a difference of 60 V. The average voltage value of
each SM is shown in Table. VI.

The average voltage value of all MPPCs in Ay is 2050 V, and
the average voltage value of each MPPCs is different. The
average voltage value of SM 10 is the highest about 2072.27 V,
and the average voltage value of SM 6 is the lowest about
2020.92 V. The different average voltage of each MPPCs

produces different power loss, which leads to the different
lifetime of MPPCs in each SM.

2200
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D
g p
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>
1900
2180 == —1 —11
= :2 — 12
S 2160 B R—
5 =k
% 2140 2B
2120 —9 — 19
—10— 20
0.5996
Time (s)
Fig. 19 Voltage waveforms of MPPCs in upper arms A.
TABLE VI

AVERAGE VOLTAGE VALUE OF EACH SM IN Ay
Number of SM Vae (V)  Number of SM Vae (V)

1 2052.59 1 2047.88
2 2062.14 12 2039.20
3 2061.78 13 2055.52
4 2030.48 14 2050.15
5 2055.20 15 2046.11
6 2020.92 16 2046.64
7 2038.40 17 2031.39
8 2067.70 18 2057.11
9 2043.35 19 2066.24
10 2072.27 20 2055.79

B. Reliability analysis of MPPCs in MMC

An MPPCs device with 72 single MPPC is used in the MMC,
by extracting the MMC simulation results of average voltage
and using the FEM method in section Il, the temperature
distribution of MPPCs in SM 1 upper arm A is shown in Fig. 20.
The temperature on the outside of the MPPCs is about 40 <C,
but the single MPPC in the middle part of the device has the
highest temperature is 46 <C. The reliability of the MPPCs is
affected by the weakest part. Thus, the highest temperature is
used to calculate the lifetime of the MPPCs.

Combining with section Il and section Ill, the reliability of
the MPPCs in SM 1 is shown in Fig. 21. When the operation
time is O, the reliability of the MPPCs is 100 %. Before 10 years,
the reliability of the MPPCs decreases slowly, which only

°C 46
44
42
40

Fig. 20 Temperature distribution of MPPCs in SM lupper arms A.
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reduces about 40%. During 10 to 15 years, the reliability of the
MPPCs drops rapidly, and the reliability of the MPPCs drops to
0 about 13.5 years.

1.0

Reliability (1)
o
SJ‘I

0.0

5 . . .
5Tim e (year) 10 15

Fig. 21 The reliability of SM 1 in upper arms A.

Using the same method, the lifetime of all the MPPCs in
MMC can be calculated as shown in Fig. 22. The average
lifetime of the MPPCs in MMC is about 13.7 years. In Fig. 22
(a), comparing with the average voltage results in Table II, in
upper arm A, the MPPC has lower average voltage, the lifetime
of the MPPCs is higher. Divide all SMs in each arm into 5 parts
as shown in Fig 22 (a) and Fig. 22 (b), the SMs in each Arm
numbered 1 to 3 are part I, the SMs in each Arm numbered 4 to
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c. 14
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Fig. 22 The lifetime of MPPCs in MMC. (a) The lifetime of MPPCs in the
upper arm; (b) The lifetime of MPPCs in the lower arm; (c) Average lifetime
of different parts.

7 are part 11, the SMs in each Arm numbered 8 to 13 are part 111,
the SMs in each Arm numbered 14 to 17 are part IV, the SMs in
each Arm numbered 18 to 20 are part V. The average lifetime of
the MPPCs in each part is shown in Fig. 22 (c). The average
lifetime of the MPPCs in part | and part Il is below 13.7 years,
and the average lifetime of the MPPCs in part Il and part IV is
above 13.7 years. The average lifetime of the MPPCs in part V
is uneven. The number of SMs in part | is close to the DC line,
and the number of SMs in part Il is in the middle part of the
MMC. Thus, the MPPCs near the DC line or the middle of the
MMC system is weaker than that of other MPPCs.

V. CONCLUSION

This paper proposed a FEM method to predict the lifetime of
MPPCs in MMC by considering corrosion failure. The
equivalent electric model is established to calculate the power
loss of MPPC in actual operating conditions, and the thermal
model is used to calculate the temperature of the MPPC. The
electric and thermal models are verified by the capacitance
equation and aging experiment results, respectively. Then, the
corrosion failure of the MPPC is analyzed and simulated by the
FEM method, the capacitance, ESR and temperature change
during the corrosion failure are simulated. By considering the
aging model of polypropylene film, the lifetime model of
MPPC is built, the lifetime of the MPPC increases with
decreasing of the voltage and temperature. The lifetime model
is verified by the traditional lifetime model of corrosion failure
and floating aging tests of the MPPC device, the experimental
results are close to the calculated results, and the relative error
is lower than 5%. Combining the FEM model and lifetime
model, the lifetime distributions of all MPPCs in MMC are
calculated, the SM has lower average voltage, the lifetime of
MPPCs in this SM is higher. The SMs close to the DC line or in
the middle of the MMC have a lower life of the MPPCs. This
work could be useful for developing MPPSs lifetime prediction
and health management for MMC systems, such as research on
capacitor voltage equalization control, regular maintenance
time of MPPC, and analyze the effects of capacitors aging on
other power devices. The next steps are to build a more accurate
model of the capacitor by considering the geometry and
boundary conditions changes during the operation.
Furthermore, more experiments will be performed at different
conditions in order to better calibrate the lifetime model of the
capacitor.
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