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ABSTRACT In the field of high voltage level applications, modular multi-level converter (MMC) has the
definite advantages of low power loss and modularity and there have been many studies on its reliability.
Some researches focus on the degradation of physical characteristics in the lifetime prediction of key devices,
but the degradation of physical characteristics has not been directly used in the research of MMC system
level reliability. The traditional exponential distribution failure rate is constant while the Monte Carlo
method assumes the random distribution of multiple devices. Neither of these two methods can describe
the reliability of a single device with physical characteristics degradation. This article presents a system
level MMC reliability analysis and design method based on MMCmission profile and insulated-gate bipolar
transistor (IGBT) lifetime degradation. According to the IGBT current and power loss in MMC, the annual
mission profile and junction temperature result are analyzed by rainflow counting algorithm. In terms of
device degradation, the thermal network updating method is used to calculate the life of IGBT in different
time, and the reliability analysis method based on exponential distribution is improved. To optimize the
redundancy design of the system, the multi-objective function optimization is processed.

INDEX TERMS Modular multi-level converter, lifetime prediction, device degradation, failure rate, relia-
bility analysis, redundancy optimization.

I. INTRODUCTION
Modular multi-level converter (MMC) [1] which is widely
used in high voltage direct current (HVDC) field has obvi-
ous advantages in hydropower generation. For example, the
MMC Fengning station of Zhangbei HVDC project is mainly
used for power supply, water storage, and hydropower trans-
mission of Fengning hydropower station. In order to deliver
power generated by hydropower far away, the voltage level
must be improved and utilization of MMC is considerable.
The cost of MMC is expensive and its modularity is easy to
maintain, which makes people have a higher demand for its
reliability.

The aspect of MMC reliability research can be divided
into component level and system level. In recent years,
some researches [2]–[4] on the lifetime prediction of key
devices have used the rainflow algorithm to analyze the
long-time scale mission profile fluctuation data. The fatigue
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damage and lifetime prediction are carried out by substi-
tuting the analysis results into Coffin-Manson [5], Norris-
Landzberg [6], Bayerer [7], and other models. From the
aspect of physical failure mechanism, the main causes of
failure are solder layer fatigue deterioration [8] and bonding
lead wire falling off of IGBT. Among them, with the accumu-
lation of load, the thermal resistance of solder layer increases
gradually, which is generally considered as failure when it
increases by 20%.

Due to the failure rate of traditional exponential distribu-
tion is constant, the reliability analysis cannot be accurate
in actual working condition. From device level lifetime pre-
diction to system level reliability, a Monte Carlo method is
proposed to analyze system level reliability [9] based on the
working condition profile. Random distribution is used to
combine device lifetime prediction based on failure mech-
anism with system level unreliability. In the system level
reliability analysis, there are three main methods to establish
the reliability structure, reliability block diagram (RBD) [10],
fault tree analysis (FTA) [11] andMarkov analysis (MA) [12].
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FIGURE 1. Zhangbei HVDC transmission project.

A reliability analysis method based on different redundant
backup modes is proposed [13], in which the k/n(G) [10]
model is more widely used in the case of active redundancy.
With consideration of economic factors, the failure manual
based failure rate calculation is implemented at the device
level, while RBD and k/n(G) are utilized to evaluate the
reliability at the system level [14].

However, there are few studies on the degradation of device
level performance, such as the influence of IGBT solder layer
thermal resistance on system level reliability and device level
failure efficiency. According to the annualmission profile and
power mission profile, this article starts at the aspect of key
device degradation, evaluates IGBT and capacitor damage
with working conditions. Then, the change of lifetime and
failure rate with time have been calculated in this condi-
tion. To improve the reliability evaluation method under the
traditional exponential distribution, a failure rate conversion
method based on the actual working conditionmission profile
and aging analysis is proposed in this article. The difference
fromMonte Carlo method is that it analyzes the time-varying
loss efficiency of a single device, while Monte Carlo method
assumes that multiple device parameters are normally dis-
tributed. After comparing the reliability analysis results with
Monte Carlo method, multi-objective function optimization
is executed to design redundancy based on reliability, and the
optimal number of redundancy modules in economy as well
as reliability is given correspondingly.

II. MMC MISSION PROFILE ANALYSIS
In the reliability analysis, in order to analyze the reliability
of components and systems in the actual operation condition,
researchers usually consider mission profile as input data and
process the data to get the lifetime prediction results.

For instance, in Fig. 1, Zhangbei project, MMC is used as
a voltage sourced converter (VSC) in HVDC transmission
project. Fig. 2 is a half-bridge MMC topology of one pole
from bipolar MMC in Fengning station of Zhangbei project
as well as its parameters can be seen from Table 1.

FIGURE 2. Half-bridge MMC topology.

TABLE 1. MMC specifications of Fengning station.

A. POWER LOSS ANALYSIS AND EVALUATION
To process the stress data and gain the corresponding IGBT
junction temperature, an analysis of the IGBT power loss in
submodules from MMC is essential.

When MMC operates in three-phase symmetry, the DC
current is evenly distributed in the three-phase bridge arm,
and theAC current is evenly distributed in the upper and lower
bridge arms of each phase. Taking phase a as an example, the
current of the upper and lower bridge arms can be expressed
as

iap =
1
3
Idc +

1
2
Im sin (ωt + ϕ) (1)

ian =
1
3
Idc −

1
2
Im sin (ωt + ϕ) (2)

Im is the peak value of phase a current, while ω is the fun-
damental angular frequency and φ represents the AC power
factor angle of MMC. The voltage of the upper and lower
bridge arms of phase a can be expressed as

uap = da,upperUdc (3)

uan = da,lowerUdc (4)

where a,b,c means different phases, upper,lower represents
upper and lower bridge arms, d is the duty ratio. MMC should
ensure that the DC side voltage value is Udc, and the input
duty ratio of the upper and lower bridge arms of phase a can
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FIGURE 3. AC side voltage in Fengning station simulation.

be calculated

na,upUdc + na,downUdc = Udc (5)

na,downUdc −
Udc
2
= Um sinωt (6)

na,up =
1
2
(1− k sinωt) (7)

na,down =
1
2
(1+ k sinωt) (8)

Um is the peak value of phase a voltage showed in Fig. 3,
and the modulation ratio is k = 2Um/Udc.
Suppose the MMC system impedance is in ideal condi-

tion [3] we can get

Idc =
3
4
kIm cosϕ (9)

When the submodule is put into operation, the bridge arm
current flows through H1 to charge and discharge the sub-
module capacitor; when the submodule is cut out, the bridge
arm current flows throughH2. The equivalent current flowing
through submodules H1 and H2 in a power frequency cycle
can be calculated, taking the submodule of a-phase upper
bridge arm as an example

iH1 = na,upiap (10)

iH2 = na,downiap (11)

To estimate the thermal stress of the switch device, the
current stress in T1 and T2, D1 and D2 must be calculated
separately. According to Fig. 4, when the bridge arm current
flows in the positive direction, i.e. in (α1, α2), it flows
through D1 or T2; when the bridge arm current flows in the
reverse direction, i.e. in (α2, α3), it flows through T1 or
D2. The average and effective value of the current flowing
through IGBT and diode in a power frequency cycle can be
estimated respectively.

iT1avg =
1
2π

α3
∫
α2

iS1dωt (12)

i2T1rms =
1
2π

α3
∫
α2

na,upiapdωt (13)

FIGURE 4. AC current of bridge arm on a single phase.

FIGURE 5. Junction temperature variation at different power factor
angle. In the reactive power condition, the junction temperature of each
device is almost the same.

Taking T1 as an example, the average current and RMS
are obtained. By substituting equations (12), (13) into equa-
tions (14) and (15), IGBT loss PT and diode loss PD can
be calculated, which are the essential variables of junction
temperature evaluation showed in equation (16)

PT = Pcon,T + Psw,T

= VT0iTavg + RCE i2Trms + fs
(
aT + bT iTavg + cT i2Trms

)
(14)

PD = Pcon,D + Prec,D

= VD0iDavg + RDi2Drms + fs
(
aD + bDiDavg + cDi2Drms

)
(15)

Tj = PT/D(
4∑
i=1

Ri + Rch)+ (PT + PD)Rha + Ta (16)

where Rha = 0.0356 K/W is the thermal resistance when
using a water-cooled heatsink. Table 2 shows Foster ther-
mal network [15] parameters which are extracted from the
datasheet of FZ1500R33HL3 IGBT.

Fig. 5 shows that under active power transmission, the
junction temperature of T2 is higher than that of T1, and
the greater the active power is, the greater the gap between
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FIGURE 6. Capacitor current.

TABLE 2. Parameters of the fourth-order foster model.

junction temperature of T2 and T1 is. Moreover, the average
junction temperature of D2 is the highest in the state of
maximum active power rectification and T2 is the highest in
the state of the inverter [3], [16]. The junction temperature of
T1 and D1 is relatively stable in the whole operation range, so
the aging of T2 module will be significantly faster than T1.

It can be seen that the steady-state capacitor C0 current of
submodule under rated power in Fig. 6. With the calculation
of Irms, three AVX metalized polypropylene film (MPPF)
capacitors DKTFM2∗#E2577 [17] are used in parallel in con-
sideration of safety and reliability redundancy. Then the hot
spot temperature θHS is calculated according to the formula
given in the datasheet.

Pcap = Pj + Pd = I2rmsRs +
I2rms
wC

δ0 (17)

θHS = Ta + PcapRth (18)

where Pcap represents the total losses, Rs is equivalent series
resistance (ESR) for Joule losses Pj, δ0 is 3 × 10−4 for
dielectric lossesPd ,Rth is thermal resistance between hot spot
and ambient air, and Ta is the ambient temperature.

B. LIFETIME PREDICTION BY STRESS DISTRIBUTION
As the existing IGBT lifetime prediction models Coffin-
Manson, Norris-Landzberg and Bayerer contain the average
temperature and temperature fluctuation in a cycle, the rain-
flow algorithm is the usual implementation to deal with the
mission profile for this kind of IGBT lifetime prediction, con-
sidering the actual operating conditions. The most common
modulation methods used in MMC are carrier phase shifted
SPWM (CPS-SPWM) [28] and nearest level modulation

FIGURE 7. One week power mission profile.

(NLM) [29]. Among them, the CPS-SPWM strategy deter-
mines the trigger pulse sequence of switching devices by
comparing the sinusoidal modulation wave with a group of
triangular carriers with different phases. This strategy can
ensure that the power loss of each submodule of MMC is
uniform and has good harmonic characteristics, which is
more suitable for the case of less MMC submodules. The
nearest level modulation (NLM) is a method that uses step
wave to control the submodule switching on or off. The
desiredmodulation voltage is divided by the capacitor voltage
of a single submodule, and then the number of submodules
is rounded as the final input number, that is, the sum of
submodule voltages is used to approximate the modulation
wave as much as possible, and the PWM pulse of all sub-
modules is obtained. Under the NLM strategy and traditional
submodule capacitor voltage sharing control strategy, the
switching action of the device is very uncertain, and the
switching frequency is difficult to calculate. It is found that
the average switching frequency of the switching devices in
the power frequency cycle is about three times of the fun-
damental frequency (150Hz). The MMC with NLM strategy
can approach the modulation wave in a large working range,
and the harmonic content of the output voltage is small,
so it is suitable for HVDC transmission system with a large
number of submodules. Therefore, in Zhangbei project, the
MMCwith more than 200 modules in a single arm uses NLM
strategy.

The one-week power mission profile [18] of Fengning
hydropower station is shown in Fig. 7, positive value of
power means that the water pumping of the hydropower
station needs the DC grid side inverter power supply, and
negative value represents that the power generation rectifies
to the grid side. With the combination of power and annual
temperature mission profile [19] in Fig. 8 (a), the disordered
data is cyclized by rainflow algorithm to obtain the stress
distribution as shown in Fig. 9. Fig. 8 (b) and (c) are junction
temperature stresses at constant full load power. From what
has been depicted in Fig. 8, T2 junction temperature is the
highest in constant inverter mode, D2 is the lowest, and
vice versa in rectifier mode. Junction temperature fluctuation
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FIGURE 8. Annual mission profile without variable operation.
(a) Ambient temperature. (b) Inverter mode. (c) Rectifier mode.

of T1 and D1 change little in both conditions. Compared
with T1, stress distribution of T2 is more concentrated and
has more frequencies of higher 1Tj. However, Tm with the
highest cycle time between two components is close. There
are massive data points in minutes that slows the calculation
speed of rainflow algorithm, and a small amount of stress in
the stress distribution cannot be seen clearly. In this article,
the stress distribution Fig. 9 is simplified to profile in hours,

FIGURE 9. Stress distribution after processing annual mission profile by
rainflow algorithm. (a) IGBT2. (b) IGBT1.

and the annual cumulative damage amount is almost the same
as before.

The lifetime of IGBT and diode are able to be pre-
dicted by substituting the annual stress distribution into the
Norris-Landzberg model [4], [6]

Nf = Af α(1Tj)βe
Ea

k(Tm+273) (19)

where Nf is the predicted life after each cycle, f is the cycle
frequency, k is the Boltzmann constant, Ea is the activation
energy, Tm is the maximum junction temperature over a ther-
mal cycle, 1Tj is the fluctuation of junction temperature.

According to Miner’s rule [20], the total damage D and
predicted life L under the mission profile are obtained by
calculating the damage amount after each cycle, as shown
in (20) and (21).

D =
N∑
i=1

ni
Nf ,i

(20)

LD = 1 (21)

For the MPPF capacitor in the submodule, Irms is the
main source of internal heat generation. Therefore, under the
constant DC voltage control scheme, the hot spot temperature
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FIGURE 10. Hot spot temperature under different operating conditions.
The ambient temperature is 25 ◦C under constant temperature condition,
and MMC operates at rated power under constant power condition.

FIGURE 11. C0 damage distribution per year under actual condition.

under different working conditions and ambient temperature
as shown in Fig. 10 should be analyzed firstly.

Since the mission profile based on the hot spot temperature
in operation condition have been processed, the failure rate
calculation formula in datasheet is used as the lifetime origi-
nal data source, which is equivalent to damageD in the case of
severe conditions and reliability exponent distribution. Thus,
the damage amount under the mission profile is shown in
Fig. 11 and the equivalent annual damage Dcap under the
linear fatigue cumulative damage can be evaluated.

III. PERFORMANCE DEGRADATION ANALYSIS
The parameters of nonlinear thermal resistance fatigue accu-
mulation model [21] need a large number of experimental
data fitting, and the parameter from it is not universal. A ther-
mal network updating method [22] based on solder layer
aging is proposed, in which each segment of damage updates
the thermal resistance of IGBT once in the fatigue accumula-
tion calculation. In accordance with the analysis of junction
temperature and life prediction under the analytical lifetime
model, this method can be used to obtain the lifetime ofMMC
in the temperature and operation condition of considering

FIGURE 12. Flowchart of segmented extraction from device degradation
related data.

TABLE 3. Annual damage with Rth variation.

IGBT aging factors.When the thermal network is not updated
with aging, the damage amount of the annual mission profile
is the same every year. By using the method shown in Fig. 12,
the damage amount that increases gradually with time can
be evaluated as shown in Fig. 13. T2 and D2 have higher
damage per year and higher damage rate with service time
than T1 and D1. Furthermore, the damage of each component
in Table 3 can be calculated.

Considering that the increase of solder layer thermal resis-
tance between different layers has little effect on lifetime
prediction [23], it is approximately supposed that IGBT fails
when the overall thermal resistance Rth in Foster thermal
network rises to 1.2Rth. Through substituting into the actual
working condition, we can see that when considering the
increase of the thermal resistance of solder layer with the ser-
vice time, the damage amount of single-cycle also increases
with each year as Fig. 14 showed.

Because of the high-reliability MPPF with self-healing
characteristics, the aging phenomenon is mainly reflected in
the increase of ESR and the decrease of capacitance. Some
researchers [24] have been carried out to test the overstress
acceleration of aging phenomenon. In terms of the changes of
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FIGURE 13. IGBT and diode single mission profile damage growth with
time.

FIGURE 14. Lifetime prediction of single mission profile with increasing
thermal resistance over time. The lifetime here refers to the prediction
results of undamaged devices in the current thermal resistance state
without consideration of damaged amount.

ESR and capacitance, the annual damage with different aging
degrees is analyzed. However, the effect of degradation on
damage is not obvious in actual working conditions, and the
annual damage increase caused by performance degradation
can be seen obviously under constant high stress, as shown

FIGURE 15. Annual damage with capacitance and ESR performance
degradation. Ta = 50◦, Irms = 400A.

in Fig. 15 that ESR increment and capacitance reduction are
divided into five sections. When 1 = 1, 1ESR = 120%,
1C = 5%, the deterioration of ESR is more important than
that of capacitance in this case.

IV. SYSTEM RELIABILITY ANALYSIS AND DESIGN
To obtain the segmented lifetime prediction of device degra-
dation, it is inevitable to process the mission profile data by
using the rainflow algorithm. Then, the relationship between
lifetime and degradation is converted to reliability and failure
rate, and the system level reliability analysis as well as design
are carried out. The MMC reliability analysis and design
method based on the physical performance degradation of
devices are proposed as shown in Fig. 16.

A. FAILURE RATE CONVERSION
In the calculation of failure rate, the lifetime prediction
obtained by the traditional exponential [12] distribution
model is constant, which is not suitable for this case. Weibull
distribution fitting [9] requires Monte Carlo simulation for
each parameter, but it cannot reflect the effect of physi-
cal performance parameter degradation on the failure rate
of a single device. The corresponding Weibull distribution
parameters of submodule devices are shown in Table 4 and
the fitting process is depicted in Fig. 17. λe is the aging
failure rate under working condition and lifetime has been
evaluated. For the parameters of lifetime prediction model,
the Monte Carlo simulation shows that 10,000 samples obey
the normal distribution with deviation of 0.1. (22) and (23)
are the realization of Monte Carlo simulation using Weibull
distribution fitting results to convert to reliability

f (t) =
β

η
(
t
η
)β−1 exp[−(

t
η
)β ] (22)

R(t) = 1− F(t) = 1−
∫ t

0
f (x)dt = exp[−(

t
η
)β ] (23)

where f (t) is failure probability density function, F(t) is
failure cumulative distribution function and R(t) is reliability.
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FIGURE 16. MMC reliability design process considering degradation of
device performance parameters and actual working conditions.

TABLE 4. Lifetime prediction and failure rate.

The reliability of T1, T2, D1, D2 and C0 is obtained by Monte
Carlo Weibull distribution fitting, respectively, as shown in
Fig. 18 the reliability of T2 decreases rapidly and the B10
lifetime is only about 19.4 years.

In this article, to analyze one of the characteristics of
IGBT degradation with time, and ensure that the degradation
process can be directly reflected in the change of failure rate,
the thermal network updating method is utilized to assume
the fatigue accumulation process of solder layer. According
to the relationship between the life and failure rate shown in
(25) which obeys the reliability exponential distribution [12],
the segmented failure rate calculation containing the damage
changes with the service time is shown in Fig. 19. With
the increase of service time, the failure rate and damage of

FIGURE 17. Monte Carlo simulation result fitted by Weibull distribution.
(a) T2. (b) C0.

FIGURE 18. Reliability of components by using Weibull distribution.

each interval are not equal, which is mainly caused by the
difference between the gradual aging of devices from the
initial state and the direct use of aging devices.

LiDi = 1 (24)

Li = MTTF =
∫
∞

0
e−λit =

1
λi
, i = 1, . . . n (25)
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FIGURE 19. The annual damage and failure rate of T2 vary with the
increase of service time.

Li =
ti∑
i=0

Li1
Di1

(26)

Li1 = ti − ti−1, t0 = 0 (27)

λi =
1

ti∑
i=0

(Li1 × 100%
Di1

)
(28)

where Di represents the total damage in the period of time
(0, ti) while predicted lifetime value is Li, Li1 is the time
required in (ti−1, ti) time when the stage damage is Di1, and
λi is the failure rate in the current situation. The degradation
process of a certain physical characteristic of IGBT with time
can be divided into several stages, and the reliability and
failure rate of each stage under exponential distribution are
calculated in followings

Rp(t) = e−λit i = 1, . . . , n (29)

λi(t) =


λ1 0 < t < t1
λ2 t1 < t < t2
...

λn tn−1 < t < tn

(30)

As presented before, Rp(t) and λi(t) are the reliability and
failure rate of IGBT calculated various stages, n is the number
of stages, and (tn−1, tn) is the time period when the failure rate
is λn.

The service time-varying failure rate related to the thermal
resistance degradation of IGBT solder layer can be obtained
by fitting

λv(t) = at2 + bt + c (31)

Taking T2 with the highest annual damage as an example,
a = 4.153 × 10−6, b = 4.162 × 10−5, c = 0.04438.
Comparing the failure rate and device level reliability under
Weibull distribution of Fig. 20 and Fig. 21, it is found that
the failure rate obtained by this method is higher and more
conservative, and the fitting result of a segmented function

FIGURE 20. Comparison of failure rate under improved method and
Weibull distribution.

FIGURE 21. T2 reliability under different analysis (a) and piecewise
function (b) with performance degradation.

is better in the service time of T2. T2(W) means the failure
rate calculated by Weibull distribution while T2(N) repre-
sents the analysis under improved exponential distribution.
The huge difference in failure rate comes from the different
calculation methods under different reliability distribution
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FIGURE 22. MMC submodule and system reliability with different
analytical approaches.

functions. In Fig. 21, compared with traditional exponential
method Re, the piecewise exponential distribution Rp and
simplified fitting result R are able to describe aging failure
rate with working time. Therefore, the method can directly
get the increasing failure rate according to the degradation of
physical parameters, and improve the reliability exponential
distribution model with constant failure rate.

B. REDUNDANCY DESIGN WITH RELIABILITY
CONSIDERATION
With the utilization of k/n(G) model [10], we are able to
get access to the reliability of MMC system with active
redundancy [13]

R =

[
n+N∑
i=N

(
n+ N
i

)
Rism(1− Rsm)

N+n−i

]6
(32)

where Rsm is the reliability of submodules, n is the number
of modules in normal operation of the bridge arm, and N is
the number of redundant modules. Substituting Rsmw under
Weibull distribution and Rsme under exponential distribution
into (32), respectively, the system reliability Rw and Rexp of
MMC shown in Fig. 22 can be obtained.

Through the analysis of Fig. 23 and Fig. 24, in order
to ensure that the system level R is higher than 0.9, the
reliability Rsm of submodules should be higher than 0.92.
Apply multi-objective function to optimize the number of
redundant modules [25], ensure the maximum R and the
minimum redundancy. The redundancy rate can be calcu-
lated in (33), while (34) is the redundancy optimization
function, and Rv of equation (35) is the reliability growth
rate.

δ =
n
N

(33)

A =
n

δ(N + n)
=

N
N + n

(34)

Rv =
dR
dn

(35)

FIGURE 23. System reliability varies with redundancy and time.

FIGURE 24. The relationship between system reliability, submodule
reliability and redundancy.

Determine the objective function is T , and the weight is w.
When we get T at the maximum value, it is the optimal
number of redundant submodules at the current weight.

T = w1R+ w2A+ w3Rv (36)

w1 + w2 + w3 = 1 (37)

Tmax = max {w1R+ w2Rv + w3A} (38)
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FIGURE 25. Process of multi-objective function optimization.

As an implemental example, Fig. 25 shows the objec-
tive function optimization process with n redundant modules
under 232 operation submodules, optimized numbers are
evaluated at w1 = 0.5, w2 = 0.3, w3 = 0.2, Rsm = 0.935
which is evaluated after a year profile.

The multi-objective function optimization is based on fun-
damental 232 modules in each arm, the redundant number of
submodules is between 14-28 according to the engineering
experience of 8%-12% redundancy. In the efficiency opti-
mization of reliability improvement, the number of modules
is balanced between system level reliability R and reliability
growth rate Rv.
Considering the economic factor, redundant submodule

number optimization function A is directly related to addi-
tional cost and reliability R should be as large as possible,
so the intersection of the two lines is the reliability optimiza-
tion result of redundant submodules considering the cost.
Therefore, in the higher range of T and Rv, the intersection
point n = 25 of A and R is taken as the optimal value to
balance the cost and reliability.

According to (39) given in reference [14], [26] and the
price of selected IGBT [27], the additional cost (40) can
be evaluated when the key components of submodules are
considered

6film = af + bf Vr + cf Cr (39)

Cadd = n(2(CIGBT + Cdriver )+6film) (40)

where af = −1.2$, bf = 0.06$/V , cf = 2.7$/mF,
CIGBT = 1967$ and Cdriver is around 350$ per unit. As a
multi-objective optimization function, T can be used as a
reference to judge whether the optimization is effective in this
condition.

V. CONCLUSION
From the viewpoint of the operating condition stress analysis
and the degradation degree of MMC submodule key device,
the paper proposes a failure conversion method considering
operating conditions as well as device aging, which improves

traditional exponential reliability analysis and optimizes the
redundancy design with the objective function.

In terms of the component level failure rate and reliabil-
ity analysis, the annual temperature mission profile and the
power mission profile under MMC operation condition are
processed by the rainflow algorithm at first. The thermal
network updating is implemented to calculate the lifetime in
sections, and the time-varying failure rate for single device
degradation can be obtained as an input of the failure rate
conversion method. Weibull distribution fitting by Monte
Carlo simulation and exponential distribution are analyzed to
compare the improved method. The results show that the effi-
ciency of the proposed method is quite different from that of
Monte Carlo method when considering the aging of devices,
and the failure rate changes more obviously with the aging of
single-device than traditional exponential distribution.

While the evaluation of failure rate and reliability has been
done, the redundant system level reliability is evaluated with
the k/n(G) model. The reliability related system analysis as
well as design are performed, which is based on the calcu-
lation results of device aging failure rate conversion under
operating condition. For redundancy and system level relia-
bility, a multi-objective optimization function is established
and the optimal number of redundant modules considering
cost trade-off has been carried out.
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