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Converter Under Fault-tolerant Control Scheme
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Humidity Effects
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Abstract—Wind power converter (WPC) is a key part of a
wind power unit which delivers electric energy to power grid.
Because of a large number of semiconductors, WPC has a high
failure rate. This paper proposes a method to accurately evalu-
ate the reliability of WPC, which is crucial for the design and
maintenance of wind turbines. Firstly, the index of effective tem-
perature (ET) is presented to quantify the effects of tempera-
ture and humidity on the semiconductor operation. A novel
method is proposed to evaluate the lifetime and calculate the ag-
ing failure rates of the semiconductors considering the fluctua-
tions of ET. Secondly, the failure mode and effect analysis
(FMEA) of WPC is investigated based on the topology and con-
trol scheme. The conventional two-state reliability model of the
WPC is extended to the multi-state reliability model where the
partial working state under the fault-tolerant control scheme is
allowed. Finally, a reliability evaluation framework is estab-
lished to calculate the parameters of the WPC reliability model
considering the variable failure rates and repair activities of
semiconductors. Case studies are designed to verfify the pro-
posed method using a practical wind turbine.

Index Terms—Effective temperature (ET), fault-tolerant con-
trol scheme, humidity, reliability evaluation, wind power con-
verter (WPC).

1. INTRODUCTION

THE installed wind power generation worldwide has
now achieved 743 GW, which is becoming one of the
main generation resources [1], [2]. The reliability of wind
power has important impacts on power grids [3]. For exam-
ple, the faults at the Hornsea offshore wind farm in the UK
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triggered a significant blackout that affected about one mil-
lion customers in 2019 [4].

Located between the generator and power grid, the wind
power converter (WPC) converts and delivers electric energy
to power grid, and is therefore a crucial part of wind tur-
bines. Consisting of a large number of semiconductors, WPC
is prone to aging and is therefore a frequent source of fail-
ure due to long-term outdoor application [5]. It is thus essen-
tial to accurately evaluate the reliability of the WPC, not on-
ly for the design, planning, and maintenance of wind tur-
bines, but also for the reliability prediction and control of
the wind power integrated power systems.

A number of pioneering studies have been conducted on this
issue. Generally, evaluating the reliability of WPC includes
two aspects: modeling the reliability of constituent elements (i.
e., semiconductors), and building the global reliability model
of WPC by combining the elements’ model and taking into ac-
count the topology and control scheme.

In the element reliability modeling, many studies have
been conducted on evaluating the reliability of semiconduc-
tors considering the aging effects caused by operating condi-
tions (electrical operating conditions and climatic conditions)
[6]-[8]. These generally fall into two categories: experience-
based approach [9] - [12] and physics-of-failure-based ap-
proach [13]-[18]. The experience-based approach is usually
based on statistics of failed products [9], [10]. It indicates
that climatic conditions, especially temperature and humidi-
ty, have a significant contribution to the failures of semicon-
ductors. It is generally applied to write handbooks as a
guide to calculate the failure rates of semiconductors, which
provide a base failure rate for a specific semiconductor and
correction factors under operating conditions [11], [12].
However, this approach is inaccurate as it is application-inde-
pendent and provides little information to quantify the ef-
fects of root causes on the reliability of semiconductors.

On the other hand, the physics-of-failure-based approach
focuses on the failure mechanisms of semiconductors which
could evaluate the reliability of semiconductors more accu-
rately considering the aging process and quantify the effects
of root causes. The existing studies aim to bridge the rela-
tionship between impact factors and thermal cycling in
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which the thermal failure mechanism is regarded as the dom-
inant failure cause in semiconductors [6]. The effect of wind
speed on thermal cycling is analyzed in [13], [14]. The reac-
tive power effect is included in the impact factors of thermal
cycling in [15], [16]. A complete thermal cycling calculation
method considering different time constants is proposed in
[17]. The thermal cycling is transformed into lifetime infor-
mation in evaluating the reliability of semiconductors in
[18]. However, this method only takes the electrical operat-
ing condition and ambient temperature into account based on
the thermal failure mechanism. The other important impact
factor of climatic conditions, humidity, is neglected, which
has a significant effect on the reliability of semiconductors.
Therefore, a new reliability evaluation method quantifying
the effect of humidity is required.

In the reliability modeling of entire WPC, the existing
method can be divided into three steps. First, the operating
states of WPC are modeled using its topology and the fail-
ure mode and effects analysis (FMEA). Second, transition
rates between all possible operating states are evaluated ac-
cording to the failure rate and repair rate of semiconductors.
Third, the probability of each operating state is calculated us-
ing a Markov model or other methods. Unfortunately, the ex-
isting researches have all assumed a two-state reliability
model of WPC, in which WPC can operate only either in a
perfect function state or in a complete failure state [11],
[13], [15], [17], [19]-[21].

Yet, it is worth noting that many attempts are made to in-
crease the reliability of WPC. The increasing attractiveness
and demand is the fault-tolerant control scheme in which the
WPC intends to maintain its operation with acceptable perfor-
mance after some specific internal faults, and thus allows a re-
duction of energy conversion efficiency instead of complete
failure when some unforeseen semiconductors fail [22]-[25].
However, the effect of the fault-tolerant control scheme on the
reliability evaluation of WPC has not been considered. In this
paper, the fault-tolerant control scheme of WPC is modeled to
represent the reality of WPC operation more accurately.

Another deficiency in the existing research for the reliabil-
ity evaluation of WPC is that the variable failure rates of
semiconductors due to aging effects and repair activities are
not considered.

Based on the aforementioned discussions, this paper pro-
poses a method to more accurately evaluate the reliability of
WPC. It extends the prior art by adding the following contri-
butions.

1) The effective temperature (ET) is presented to quantify
the effects of temperature and humidity on semiconductor re-
liability. Considering the fluctuations of ET during different
operating conditions, a novel method is developed to esti-
mate the lifetime and calculate the aging failure rates of
semiconductors.

2) The FMEA method for WPC under the fault-tolerant
control scheme is investigated. A multi-state model of WPC,
in which an operating state representing the partial output ca-
pacity of WPC is allowed, is established to replace the con-
ventional two-state model which has been assumed with in-
accuracy in the WPC reliability modeling for a long time.
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3) The variable failure rates of semiconductors due to ag-
ing effects and repair activities are considered in the WPC
reliability evaluation using a sequential Monte Carlo simula-
tion (SMCS) algorithm.

II. RELIABILITY EVALUATION OF SEMICONDUCTORS WITH
QUANTIFICATION OF TEMPERATURE AND HUMIDITY EFFECTS

It has been revealed that thermal cycling caused by ther-
mal stress variation is one of the most critical failure causes
in semiconductors [6]. In the existing research, only the tem-
perature fluctuations caused by temperature in the environ-
ment and power loading are considered for thermal stress
variation. However, the effect of humidity on thermal stress,
which is another dominant impact factor, has not been con-
sidered. Therefore, in this section, ET is presented to quanti-
fy the effects of temperature and humidity on the thermal
stress of semiconductors in WPC. Then, the thermal cyclings
caused by modified thermal stress variation are transformed
into the corresponding lifetime information in evaluating the
reliability of semiconductors.

A. Concept of ET

In biometeorology, many studies have been conducted to
evaluate the effects of changing weather conditions on hu-
man health. The major objective of them is to explore the re-
lationship between biometeorological parameters and human
health. It has been reported that human health depends large-
ly on thermal comfort and resulting thermal stress [26]. The
uppermost biometeorological parameters involved in thermal
stress include temperature, humidity, wind speed, and solar
radiation [27]. Therefore, various biometeorological indices
have been proposed to quantify the effects of possibly bio-
meteorological parameters on the thermal stress of human or-
ganisms. ET is one of the most widely used basic indices. It
can measure the effects of temperature, humidity, and wind
speed, and is applicable in both hot and cold situations [28].
It can be calculated by [29]:

ET, =85- -1, -

0.68—0.0014RH+ ——
1.76 + 1.4107

0.97,(1-0.01'RH ) (1)
where ET is the ET in the environment; 7, is the tempera-

ture in the environment; RH is the relative humidity in the
environment; and ¥, is the wind speed.

To a certain extent, the reliability of semiconductors in
WPC can be regarded as their health. Like human health, semi-
conductor reliability strongly depends on thermal stress and is
sensitive to operating conditions due to long-term outdoor ap-
plication. Moreover, the involved uppermost parameters for
thermal stress of semiconductors under operating conditions
are also temperature, humidity, and wind speed. Therefore, ET
is introduced to quantify the effects of temperature and humidi-
ty on the thermal stress of semiconductors in WPC.

B. Calculating ET of Junction on Semiconductor Chips in
wpPC

The topology of WPC and cross-section view of a semi-
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conductor in WPC are shown in Fig. 1, where IGBT stands
for the insulated gate bipolar transistor. The temperature of
the junction on the semiconductor chips is the highest operat-
ing temperature of semiconductors and its fluctuation direct-
ly affects the semiconductor lifetime. The calculation flow-
chart of ET of the junction on the semiconductor chips ET7,

is shown in Fig. 2. The operating conditions including wind
speed V,, temperature 7,, and humidity RH in the ambient
environment are used to calculate ET7; by (1). Then, the

wind speed V, is used to obtain generator output power P,
Based on the power loss model, the power losses of semi-
conductors P, can be calculated. Finally, by inputting the

ET; into the thermal model, ET'; can be acquired.

1
-

Generator-side converter Grid-side converter

(a)
Diode chip

IGBT chip
Al bond wire

Solder
DCB substrate{ L g

(b)

Fig. 1. Topology of WPC and cross-section view of a semiconductor in
WPC. (a) Topology of WPC. (b) Cross-section view of a semiconductor.

Base plate
Heat sink

Operating conditions

Wind speed Temperature Humidity
]Vw T, RH[
ET,
P loss l

P()[J[
Generator model —> Power loss model —=> Thermal model — ET: T

Fig. 2.
ET;.

Calculation flowchart of ET of junction on semiconductor chips

1) Wind Power Output
The electric power produced by the wind turbine can be
calculated based on the wind speed-power curve [30].

0 0<V, <V,
(A+BV, +CV2)P, V,<V,<V,
P = (2)
; V.<V,<V,
0 V,<V,

where ¥V is the cut-in speed; V_, is the cut-out speed; V. is
the rated speed; P, is the rated power of the wind turbine;
and A4, B, and C are three constants defined in [30].
2) Power Losses of Semiconductors in WPC

According to the operating features of generators, the pow-
er losses of IGBTs and diodes can be divided into conduc-
tion losses and switching energy losses [11].

P,.=Pi +Pp =PS+PS+P0+P" (3)

loss loss loss sw
where P, is the conduction losses; P,, is the switching ener-
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gy losses; and the superscripts G and D represent IGBT and
diode, respectively.

The conduction losses and switching energy losses can be
calculated by:

1 M 1 M
P = UCEOIM(E + g oos (/)) +rCElfm(§ + E go) 4)

dc” om

GG
Vref I ref

G _
Psw_

fsw(Eun +Eoff) Q)

1
T

1 _ M
D __ _
P2 = Uﬁ)lm(fzn F g 08¢

1 M
+I’D]02m(§ ¥ gCOS (p) (6)

1 Vil
PD_* E dc” om
o

sw rec y,D rD
Vr@f 1 ref

@

where U, and U, are the voltage drops on the IGBT and
diode, respectively; 7., and r, are the resistances of IGBT
and diode, respectively; M is the modulation coefficient;
cos ¢ is the power factor; /, is the peak of phase current;
E . is the rated switching energy losses of the diode; £, and
E,, are the energy losses in the “ON” and “OFF” state, re-
spectively; V,, and [, are the reference commutation voltage
and current, respectively; V, is the voltage of the semicon-
ductor at the DC-side; and f; is the switching frequency.

Note that (4) and (6) contain signs of £ and ¥ where the
upper sign should be used for grid-side converter calcula-
tions and the bottom one for generator-side converter calcula-
tions.

The peak of phase current / can be calculated by:

om

V2 rp,,

]om = =
V3,
where U, is the line voltage.
3) Calculating ET of Junction on Semiconductor Chips in
wpPC
The thermal model for calculating ET; of the IGBT and

diode is based on the thermal equivalent network. The ther-
mal equivalent network of semiconductors in WPC is shown
in Fig. 3, where ET, is the ET of the heat sink; R, is ther-
mal resistance from ambient to heat sink; R, , is thermal re-
sistance from the heat sink to case; and R, is thermal resis-
tance from case to junction. In Fig. 3, ET; of the IGBT

ET7, ET; of the diode chips ET7, and ET of IGBT-based
plate ET, are shown, respectively, because they are closely

®)

related to the major failure mechanisms of the semiconduc-
tor.

ETY ETr ET?
T T
Rijje Riye
Rinen
ETy
Pl Pioss
R ihha
ET,

Fig. 3. Thermal equivalent network.
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The ET TG/ and ET;’ can be calculated by:

ET, =P, Ry, +ET;
ETTK =P Ry +ETT,,
ETS=PG RS, +ET, ©)
ETp =P} R} +ET,

C. Lifetime Estimation of Semiconductors Under Operating
Conditions

The lifetime estimation of semiconductors is a general ap-
proach to evaluating the reliability of semiconductors consid-
ering aging effects. Estimating lifetime is based on counting
thermal cyclings under operating conditions [17].

First, the thermal cyclings are counted under operating
conditions. The rain flow counting method is applied to con-
vert the randomly thermal stress variation to the regulated
thermal cyclings which are transformed into the correspond-
ing lifetime information. The counting results obtained from
the rain flow counting method show that there are n classes
counted ET; cyclings of a semiconductor under operating

conditions. The number of cyclings in the n" class is N, and
N is the corresponding number of cyclings to fully consume
the lifetime. In the n" class cycling, its corresponding infor-
mation includes amplitude dET; , and mean value ET;

which are critical to the lifetime of semiconductors.

Then, the lifetime of semiconductors is estimated based
on the aging test that follows Miner’s rule [18]. In the life-
time estimation model, the cumulative damage AD is used to
reflect aging effects on the lifetime of semiconductors.

4,
N,
AD= E(Nf) (10)
where 4° is the parameter in the n" class.
A° and N/ can be calculated by:
Ag:a]'dETT,;1+a2'ETTm,n+A1 (11)
N/=4,(dET, ) (12)

where the parameters o, a,, a,, A,, and A, are tested in the
aging test [18].
The lifetime estimation of semiconductors L, can be calcu-
lated by:
1

L=p

13)
D. Aging Failure Rate Calculation of Semiconductors Under
Operating Conditions

In practice, the lifetime models and reliability of semicon-
ductors have uncertainties with a certain range of variations.
Therefore, the failure rate distribution of semiconductors
should be obtained based on the lifetime of semiconductors
with aging effects.

Generally, the Weibull distribution is always used to de-
scribe the failure distribution of semiconductors with aging
effects, in which the shape parameter f and the scale parame-
ter a are used to reflect aging effects. The aging failure rate
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of semiconductors at time ¢ can be calculated by:
A(t)=at""! (14)
The failure distribution F (¢) is the cumulative distribution
function of the failure rate.

F(1) = f;/l(t)dtzl—e(‘t‘) (15)

The reliability function, which defines the probability of
no failure before time ¢, can be expressed as:

B
' s

R() = 1-F(1) =¢ © (16)

The reliability of semiconductors can also be character-

ized by mean time to failure (MTTF), which is the mathe-
matical expectation of semiconductor lifetime.

MTTF= wa(t)dt (17)

However, the MTTF will change with the operating condi-
tions. The MTTF considering operating conditions can be
represented as:

t

MTTF (1) = focR(t|t0)dt:e(“(’)) f:e( |
t

where ¢, is the period when the semiconductor has operated;
B(t) and a(t) are the time-dependent shape and scale param-
eters, respectively; and L (¢) is the lifetime estimation result
at time .
The time-dependent shape parameter (¢) can be calculat-
ed by [31]:
_ L
1+ L(1)
where L, is the lifetime provided by the manufacturer.
Then, the time-dependent scale parameter a(¢) can be ob-
tained by making:

B(1) (19)

MTTF (t) =L (t) (20)

The aging failure rate of semiconductors at time ¢ can be
calculated by modified Weibull distribution with the time-de-
pendent parameters by:

/lxe,aging(t) :a(t)t/f(t)*l

@n

III. RELIABILITY EVALUATION OF WPC UNDER
FAULT-TOLERANT CONTROL SCHEME

Fault-tolerant control is a set of techniques that are devel-
oped to increase the equipment availability and reduce the
risk of safety hazards in recent decades [32]. Like other
high-reliability equipment, fault-tolerant control is being pop-
ularized in WPC as a cost-effective way to improve reliabili-
ty. It enables the WPC to be in multiple partial working
states more than the traditional two states (perfect function
and complete failure states) in some failure modes. Accord-
ing to the operating features of the fault-tolerant converter,
the multi-state model for reliability evaluation of WPC is de-
veloped. The SMCS algorithm is used to evaluate the reli-
ability of WPC in this section.
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A. FMEA of WPC Under Fault-tolerant Control Scheme

The fault-tolerant control scheme allows the WPC to have
partial working states by preventing unplanned total stoppag-
es. The control effects for generator-side and grid-side convert-
ers are different under various fault-tolerant control schemes.
This sub-section only discusses the effect of a specific fault-
tolerant control scheme on the operating states of WPC.

As shown in Fig. 4, the fault-tolerant converter consists of
two six-switch three-phase converters in a back-to-back to-
pology, in which each side comprises six IGBTs with the re-
spective antiparallel diodes, and one additional triode AC
switch (TRIAC), which remains open under normal operat-
ing conditions [22]. The proposed fault-tolerant control
scheme in [22] allows WPC in the partial working state
when a single-phase fault happens. In particular, when the
IGBT in the same phase at the generator side fails, an alter-
native path for the current is available through the diodes.
On the other hand, when the failure takes place at the grid-
side, the included TRIAC reconfigures the circuit topology
to increase an additional path for the current flowing in both
directions. Consequently, the control scheme for the convert-
er will change, and the energy conversion efficiency will re-
duce to ensure the safe operating of the converter when the
WPC is in specific failure modes.

Generator-side Grid-side
converter DC-link converter
IGBT,
900! do¢
I, Diode
— e )

D QDD D

@TRIAC

Fig. 4. Topology of a fault-tolerant converter.

The failure modes of WPC can be classified into four
types according to the locations of failed semiconductors
based on the fault-tolerant control scheme.

1) Mode 1: the failed semiconductors are in different phas-
es.

2) Mode 2: the failed semiconductors are in the same
phase in the generator-side converter.

3) Mode 3: the failed semiconductors are in the same
phase in the grid-side converter.

4) Mode 4: there are no failed semiconductors.

Then, the operating states of WPC can be classified into
different types: complete failure (State 1), partial working
(State 2 and State 3), and perfect function (State 4). The de-
tails of classification are shown in Table I. State 2 and State
3 have different energy conversion efficiencies because of
the control schemes for failure modes.

B. Multi-state Reliability Model of WPC Under Fault-toler-
ant Control Scheme

The FMEA for WPC is investigated under the fault-toler-
ant control scheme. The multi-state reliability model of
WPC under fault-tolerant control scheme can be developed,
as shown in Fig. 5.
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TABLE I
CLASSIFICATION OF OPERATING STATES OF WPC UNDER FAULT-TOLERANT
CONTROL SCHEME

Operating state Operating state of WPC Failure mode

Complete failure State 1 Mode 1
. . State 2 Mode 2
Partial working
State 3 Mode 3
Perfect function State 4 Mode 4
Pn » P
72 . State2
P2
P3| P31 < P | Py
Pa
State3  ~ . Stated
P43
P33
Fig. 5. Multi-state reliability model of WPC under fault-tolerant control
scheme.

The curved arrow represents a transition from a state to it-
self (i.e., self-transition). The straight arrow represents a tran-
sition from a state to another state (i.e., mutual-transition).
The transition rates p, (the probability of transitions from
State i to State j over a specific residence time) between any
states are presented by arrows in Fig. 5. For example, if on-
ly one semiconductor in phase a fails, the operating state of
WPC will transfer from State 4 to State 2. Moreover, the
transition rate p,, represents the transition rate from State 4
to State 2, which is the number of transitions from State 4
to State 2 in one year. The other parameters are defined in
the same way.

Due to variable failure rates of semiconductors caused by
aging effects and repair activities, it is difficult to obtain ana-
lytical solutions for the reliability evaluation of WPC. The
SMCS algorithm is used to evaluate the reliability of WPC.
The details will be expressed in the next subsection.

C. Reliability Evaluation of WPC Using SMCS Algorithm

The SMCS algorithm, for any type of probability distribu-
tion of semiconductor states, is applied to simulate the oper-
ating process of WPC. The flowchart for the reliability evalu-
ation of WPC is shown in Fig. 6.

It is assumed that the k" transition of the WPC operating
state has taken place at time ¢, and the time to the next oper-
ating state is x;"“. The simulation proceeds in the following
steps.

Step I: set initial states of semiconductors.

Step 2: analyze the state of the ¢" semiconductor Sy

Step 3: obtain the duration of the g™ semiconductor state Xy

For the aging semiconductor, the distribution of the failure
rate is modified Weibull distribution 4***"¢ in Section II.

1

y=a(t)t-In(1- U)W, (22)
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Evaluate reliability of semiconductors
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Analyze states of semiconductors

Operating conditions |

Step 1: set initial states of semiconductors |

|Wind speed| |Temperature| | Humidity |

T«
)

i ||

w a

Step 2: analyze states of semiconductors S§° |

[

-

| Calculate E7'. of semiconductors by (1)

] ] B Aging

| Calculate ET; of semiconductors by (2)-(9) |

I . time-dependent
i parameters

w®), p(o)
¥

| i

| Estimate lifetime of semiconductors by (10)-(13)

% Non-aging % Failed
semiconductors with semiconductors semiconductors

Step 7: update

|

Step 3: obtain durations of semiconductorsxy’ by (22)-(24)

simulation time

| Evaluate reliability of semiconductors by (18)-(21) | . |

by (26), and
: repeat Step 2 to
Develop multi-state reliability model of WPC P Analyze the state of WPC Step 6
Investigate FMEA of WPC under the Step 4: analyze the state of WPC under
fault-tolerant control scheme fault-tolerant coritrol scheme Sf7¢
| Fault-tolerant control scheme | | FMEA | | Step 5: obtain the duration of the state x}/7C by (25)
| Develop multi-state reliability model of WPC | Step 6: whether N
the simulation is over?
Step 8: evaluate reliability of WPC, calculate
probabilities of states Pr, and ECC index by (27) and (28)
Fig. 6. Flowchart for reliability evaluation of WPC.
where U is a random number from a uniform distribution Step 7: update simulation time.
_ wPC
L1 =4+ (26)

(0, 1].

The semiconductor is an unrepairable component. When
the aged semiconductor fails, it will be directly replaced by
a new semiconductor. Therefore, it should be noted that the
semiconductor is thought to be aging from the initial state af-
ter it is repaired during the evaluation period.

For the non-aging semiconductor, the distribution of the
failure rate is exponential.

w_ InU
x‘i - /’{non,aging (23)
q

where AZ””'“gi”g is the non-aging failure rate of the ¢" semi-
conductor.

For the failed semiconductor, the repair time has exponen-
tial distribution.

X“:—lnl (24)
q luq

where y, is the repair rate of the g" semiconductor.

Step 4: analyze the current operating state of WPC
based on the states of semiconductors and FMEA under the
fault-tolerant control scheme.

Step 5: obtain the duration of
mined by:

WPC
N k

ST, which can be deter-

x, " =minx’ (25)

Step 6: judge whether the simulation is over. The coeffi-
cient of variation of the WPC reduced capacity due to semi-
conductor failures is used as the stopping rule. If the simula-
tion is not over, go to Step 7. If the simulation is over, go to
Step 8.

Then, repeat Step 2 to Step 6.

Step §: evaluate the reliability of WPC.

Record the duration of State i (SD,), and then set SD,=
SD,+x,7¢, where x]/T° represents the duration of State i in
the k" transition.

The probability of State i can be calculated by:

Pr,= 5D,
tk

@7

The expected conversion capacity (ECC) index is used to
evaluate the reliability of WPC, which can be calculated by:

ECC= zC,»Pr,. (28)

where C, is the conversion capacity of WPC in State i.

In addition, the fault-tolerant control focuses on the semi-
conductor faults. There are also some requirements that
should be considered such as the low-voltage ride-through
(LVRT). To take the LVRT requirement for wind turbines
with consideration of the reliability evaluation process, the
calculation model for junction temperature of semiconduc-
tors is required to be expanded. Once this step is completed,
the proposed reliability evaluation method can still be ap-
plied to evaluate the reliability of semiconductors and WPC
with consideration of the LVRT. Satisfying wind turbine inte-
gration requirements like IEEE 1547 standard [33] is the
same as the consideration of LVRT.

IV. CASE STUDY

The proposed method is implemented on a 1.5 MW wind
turbine with the prevailing topology, as shown in Fig. 4. The
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details of the parameters of wind turbines and main semicon-
ductors in WPC can be found in [11]. The cut-in, cut-out,
and rated speeds of wind turbine are 3 m/s, 15 m/s, and 8 m/
s, respectively. The operating conditions including wind
speed, temperature, and RH in the environment at wind
farms A and B in China in 2018 are shown in Fig. 7.
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Fig. 7. Operating conditions at wind farms A and B in China in 2018. (a)

Wind speed series at wind farm A. (b) Temperature series at wind farm A.
(c) RH series at wind farm A. (d) Wind speed series at wind farm B. (e)
Temperature series at wind farm B. (f) RH series at wind farm B.

The traditional method evaluates the reliability of WPC
only by considering the effect of temperature on the reliabili-
ty of semiconductors (thermal aging failure (TAF) based
method) [18]. The proposed method in this paper considers
the effects of temperature and humidity on the reliability of
semiconductors and repair activities of semiconductors in the
reliability evaluation of WPC. The reliability of the WPC is
evaluated using the TAF method and the proposed method,
respectively. The data statistics of operating conditions of
wind farms A and B are given in Table II. It should be noted
that the wind turbine used in the case studies is not the actu-
al wind turbine at two farms.

TABLE 11
DATA STATISTICS OF OPERATING CONDITIONS AT WIND FARMS A AND B

Wind Wind speed (m/s) Temperature (°C) RH (%)
in
farm Mean Staqda_rd Mean Stan_dafd Staqda_rd
deviation deviation deviation
A 4.75 0.99 14.56 3.61 65.61 6.16
B 3.91 0.28 6.18 0.48 27.07 11.61

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 5, September 2023

A. Lifetime Estimation of Semiconductors Considering Ef-
fects of Temperature and Humidity

To analyze the effects of temperature and humidity on the
semiconductor lifetime, the lifetime estimation results of
semiconductors in WPC using the proposed method and
TAF method at two wind farms are shown in Table III. It
can be seen that lifetime estimation results are quite differ-
ent when the effect of humidity is taken into account. Fortu-
nately, the lifetime estimation results are close to the statisti-
cal results based on the common perception [9], [28]. Com-
paring the lifetime estimation results in Fig. 8, the effect of
humidity on the lifetime of semiconductors at wind farm A
is negative (when the humidity effect is taken into account,
the lifetime estimation results are shorter). On the contrary,
the effect of humidity on the lifetime of semiconductors at
wind farm B is positive (when the humidity effect is taken
into account, the lifetime estimation results are longer). The
reason is that the wind speed and temperature at wind farm
A are higher than those at wind farm B, which leads to the
ET,; of semiconductors in WPC at wind farm A to be higher
than that at wind farm B. It is consistent with the common
perception, i.e., ET increases as humidity increases in high-
temperature conditions. In the meanwhile, ET decreases as
humidity increases in low-temperature conditions.

TABLE III
LIFETIME ESTIMATION RESULTS OF SEMICONDUCTORS IN WPC

Lifetime estimation result (year)
TAF method (effects of

Proposed method (effects of

\ggﬁ temperature and humidity) temperature effect)
Generator side Grid side Generator side Grid side
IGBT Diode IGBT Diode IGBT Diode IGBT Diode
A 147 1473 3.23 380 196 1985 427  5.05
B 12.21 136.76 28.59 34.10 6.60 67.70 15.01 17.82

To demonstrate the effects of temperature and humidity on
the semiconductor lifetime, the different levels of tempera-
ture and humidity are executed to estimate the lifetime of
the IGBT at the generator side, which is most prone to fail,
based on the wind speed at two wind farms. It is apparent
from Fig. 9 that the lifetime estimation results increase with
humidity at the same temperature level. From Fig. 9(a),
there are three scenarios that the lifetime estimation results
are shorter than the results in Table III (operating condition).
First, the temperature in the environment is 15 °C, and the
RH is more than 80%. Second, the temperature in the envi-
ronment is 25 °C, and the RH is more than 30%. Third, the
temperature in the environment is 35 °C, and the RH is
more than 10%. The mean value of temperature and RH for
the operating condition are 14.56 °C and 65.61%, respective-
ly. On the other hand, from Fig. 9(b), the lifetime estimation
results are shorter than the results in Table III (operating con-
dition) when the temperature is higher than 5 °C. The mean
value of temperature and RH for the operating condition are
6.18 °C and 27.07%, respectively. Taken together, these re-
sults suggest that the temperature and humidity have non-
negligible effects on the lifetime estimation results of semi-
conductors. However, whether the effect is positive or nega-
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tive depends on the operating conditions.
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year and 53 occurrence per year, respectively [34], [35]. The
failure rate of capacitors in the DC link is 0.0004 occurrence

20 —
181 per year [11]. The failure rate of the control system is 0.05
o }2: occurrence per year [10], respectively.
S12t
10l TABLE IV
E 8L FMEA FOR WPC UNDER FAULT-TOLERANT CONTROL SCHEME
2 6f
3
i Operation state Operation state Failure mode Conversion
(2) [ ) ) [T P of WPC efficiency (%)
Diode at IGBT at Diode at IGBT at Complete failure State 1 Mode 1 0
grid side grid side generator side generator side ' ' State 2 Mode 2 93.9
Location Partial working
[ Temperature effect; ] Temperature and humidity effects State 3 Mode 3 76.2
(@ Perfect function State 4 Mode 3 100.0
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Fig. 8. Comparison of lifetime estimation results. (a) WPC at wind farm

A. (b) WPC at wind farm B.
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Fig. 9. Effects of different levels of temperature and humidity on semicon-
ductor lifetime estimation results. (a) Wind farm A. (b) Wind farm B.

B. Reliability Evaluation of WPC Under Fault-tolerant Con-
trol Scheme

The fault-tolerant control scheme in [22] is used in this pa-
per. The FMEA for WPC under fault-tolerant control scheme
is investigated, as shown in Table IV. The conversion effi-
ciency of the WPC is limited to 93.9% when the failure
mode is Mode 2. The conversion efficiency of the WPC de-
creases to 76.2% when the failure mode is Mode 3. L, is 25
years and f, is 10 years. The non-aging failure rate and re-
pair rate of semiconductors in WPC is 0.3 occurrence per

To study the effects of humidity and temperature and re-
pair activities of semiconductors on the reliability of WPC,
the following four cases considering difference effects are
shown in Table V.

TABLE V
FOUR CASES CONSIDERING DIFFERENT EFFECTS

Fault-tolerant

Case Humidity =~ Temperature Repair activity control scheme
1 N
2 N N
3 N N
4 J J J

1) Case 1 (traditional method): only the effect of tempera-
ture on the reliability of semiconductors is considered. The
WPC only has two states in which the fault-tolerant control
scheme is not considered.

2) Case 2: only the effect of temperature on the reliability
of semiconductors is considered.

3) Case 3: the effects of temperature on the reliability of
semiconductors and repair activities of semiconductors are
considered.

4) Case 4 (proposed method): the effects of temperature
and humidity on the reliability of semiconductors and repair
activities of semiconductors are considered.

The reliability evaluation results of WPC are shown in Ta-
ble VI.

The probabilities of states for the cases are shown in Fig.
10. The results are close to the statistical results. It can be
observed that the probability of the complete failure state de-
creases sharply under the fault-tolerant control scheme. For
example, the probability of the complete failure state de-
creases from 0.0389 to 0.0036 in Case 4 at wind farm A.
Therefore, the fault-tolerant control scheme has a great ef-
fect on improving the reliability of WPC.

The reliability indices of WPC and computational time us-
ing the traditional and proposed methods are compared, as
shown in Table VII. The additional computational burden for
improving the accuracy of reliability indices using the pro-
posed methods is acceptable. In addition, the reliability eval-
uation results show that the difference in the probability of
perfect function is 1.52% with consideration of humidity and
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thermal impacts and consideration of thermal impact at wind
farm A. The differences at wind farm B are 2.63%. It can be
believed that humidity affects the multi-state probability of
WPC more pronounced. The results of two wind farms show
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that the deviation of the same result at wind farm A is more
than that at wind farm B. It provides important insights that
humidity has a more significant effect under higher tempera-
ture.

TABLE VI
RELIABILITY EVALUATION RESULTS OF WPC

Probability in Case 1

Probability in Case 2

Probability in Case 3 Probability in Case 4

Condition Wind farm A Wind farm B Wind farm A Wind farm B Wind farm A Wind farm B Wind farm A Wind farm B
Complete failure, State 1 0.0130 0.0130 0.0006 0.0006 0.0010 0.0010 0.0030 0.0040
Partial working, State 2 0.0030 0.0030 0.0050 0.0050 0.0140 0.0160
Partial working, State 3 0.0040 0.0040 0.0060 0.0060 0.0170 0.0190
Perfect function, State 4 0.9810 0.9870 0.9930 0.9930 0.9880 0.9880 0.9660 0.9610

ECC 1.4715 1.4805 1.4976 1.4976 1.4960 1.4960 1.4863 1.4882
0020, o oA The simulation results show that the effects of tempera-
> 0015 ture and humidity, fault-tolerant control scheme, and repair
é 0.010 activities are all important for evaluating WPC reliability. If
N the operating conditions and repair activities are not taken in-
5: 0.005 to account, the reliability evaluation of WPC might be over-
== ly optimistic. If the fault-tolerant control scheme is not taken

1.0 into account, the reliability evaluation of WPC might be

z 0.8 overly pessimistic. These can cause a serious effect on the
z 0.6 planning and operation of the WPC with renewable energy
S 04 integration.
02
0 V. CONCLUSION
A method for the reliability evaluation of WPC under the
fault-tolerant control scheme with the quantification of tem-
perature and humidity effects is developed. The ET index is
presented to quantify the effects of temperature and humidi-
ty. The conventional two-state reliability model of WPC is
extended to the multi-state reliability model under the fault-
tolerant control scheme. By capturing the failure rate varia-
tions of semiconductors caused by aging effects and repair
1.0 activities, the WPC reliability is evaluated using the pro-
z 08 posed SMCS algorithm combined with the FMEA of WPC.
§ 06 The following observations are made from the simulation
& 04 results.

0.2

[MState 1;[]State 2; [llState 3;[JState 4

Fig. 10. Probabilities of states for cases. (a) WPC at wind farm A. (b)
WPC at wind farm B.

1) The effect of humidity on semiconductor reliability can-
not be ignored. The correlation between humidity effect and
lifetime should be analyzed considering the operating condi-
tions.

2) The reliability evaluation for WPC is overly optimistic
if the operating conditions and failure rate variations of semi-
conductors are not taken into account, which may result in a
misleading judgment in decision-making.

TABLE VII
COMPARISON OF MULTI-STATE PROBABILITY

Wind farm A Wind farm B
Method Probability ECC Computational Probability Computational
State 1  State 2 State 3 State 4 time (s) State 1  State 2 State 3 State 4 time (s)
Traditional method  0.013 0.981 1.4715 47.15 0.013 0.987  1.4805 46.03
Proposed method 0.003 0.014 0.017 0.966 1.4863 108.63 0.004 0.016 0.019 0.961 1.4882 109.98
Difference (%) 76.92 1.52 1 130.39 69.23 2.63 0.5 138.93
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Although the major factors missed in previous works
(such as the humidity effect, fault-tolerant control scheme,
and failure rate variations of semiconductors) are addressed
in this paper, there is still room for further investigation into
the failure mechanism of WPC. This will be our task in fu-
ture research.
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