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Abstract—Grid-connected inverter failure may be caused by
outliers of a population of units in field operation, due to the LCL
filter parameter uncertainty. This article proposes a probabilistic
framework to analyze the impact of multiple filter parameter vari-
ances due to component tolerances, operating points, and aging
effects. Both robust stability and filter performance are selected
as the risk of failure. The robust stability of the grid-connected
inverter is quantified by the structured singular value. The total
harmonic distortion of the grid current is estimated to evaluate
the filter performance. A case study on a three-phase inverter is
performed to verify the proposed method through hardware-in-
the-loop simulation and physical prototype testing.

Index Terms—Grid-connected inverter, probabilistic assess-
ment, robust stability.

I. INTRODUCTION

N A large-scale renewable energy power plant, there are

hundreds or thousands of grid-connected inverters as the
interface between renewable energy and the grid [1]. It is al-
most impossible to design each inverter according to its grid
environment and operating condition. Therefore, these inverters
usually have the same initial/standard design. Preset worst-case
scenarios may be considered in the initial/standard design, but
the margin is still difficult to be found for a multiparameter
uncertain system [2], especially when component aging is fur-
ther considered [3]. Therefore, these inverters may be at risk of
failure [4].

The robust stability of a grid-connected inverter has been
extensively studied [4], [5], [6], [7], [8], [9], [10], [11]. Due to
the existence of the resonance point, inverters with LCL filters
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are less robust to parameter variations [5]. Typical uncertain
parameters in these studies include grid impedance [5], [6], filter
inductance [7], [8], and filter capacitance [9]. Corresponding
active damping methods are proposed to improve the robust
stability of grid-connected inverters, such as the capacitor cur-
rent feed-forward (CCF) method [5], [10] and the grid voltage
feed-forward method [11].

However, the above methods are for robust stability improve-
ment and cannot quantify the stability margin of a parameter
perturbation system [12]. Attempts based on the state-space
model and the impedance analysis is carried out to analyze
and evaluate the robust stability of an uncertain system [13],
[14], [15]. In [13], participation factor analysis is used to assess
the harmonic stability of the inverter. This method is based on
the eigenvalue sensitivity, which can compare the influence of
different state variables but cannot quantify the stability margin.
In [14], a black-box method based on impedance measurements
is proposed to evaluate the robust stability of the inverter. Fit-
ting the system model with impedance measurements requires
knowledge of the system structure and order. Therefore, an
improved white-box impedance model is proposed in [15]. The
impedance-based method is data-dependent. But, it is difficult
to obtain the long-term impedance database for grid-connected
inverters under different conditions.

The above robust stability analysis and assessment methods
do not consider the distribution characteristics of uncertain
parameters, which may lead to an aggressive or conservative
result [16]. Due to component tolerances and grid condition
differences, the parametric uncertainties of multiple inverters
are often given in a distributed form [17]. The aging of com-
ponent parameters due to the influence of operating conditions
also exhibits distribution characteristics [ 18]. Thus, probabilistic
methods are more suitable for quantifying the failure risk of such
systems [16]. The mission profile method is widely used in the
reliability assessment of components and inverters [18], [19].
The Monte Carlo method with grid condition variations is also
applied to the probabilistic stability assessment of inverters [16],
[20]. In [21], the comparative study of the p-analysis and Monte
Carlo methods reveals that the p-analysis method can avoid the
time-consuming iterative calculation. However, the effects of
environmental stress on the components are not addressed in
[21] and the method is only for robust stability.

This article is devoted to developing a probabilistic
assessment framework for the failure risk of three-phase
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TABLE I
PROBABILISTIC ASSESSMENT ATTEMPTS FOR INVERTER PERFORMANCE

Assessment Uncertainty Method Failure Criterion

Reliability . - Accumulated
[18][19] Component aging  Mission profile damage

Robust stability Operational Eigenvalue or

[16][20] conditions Monte Carlo Nyquist

Failure risk Tolerance. agin Mission profile,

(proposed ndi t,i ng & u-analysis and SSV and THD

framework) €0 ons Monte Carlo

grid-connected inverters. Both robust stability and filter perfor-
mance are selected as the risk of failure. If the index of stability
(SSV) or filter performance (THD) exceeds the criterion, the
inverter is deemed to be in failure. The concept of uncertainty
quantification (UQ) is proposed to reduce the risk caused by
uncertainty [22]. In [17], parametric uncertainty is quantified
in the design process of the inverter to reduce its impact on
design objectives. In this article, the degree to which parametric
uncertainty affects the failure risk are investigated via UQ. The
comparison between the proposed framework and the conven-
tional probabilistic assessment attempts is given in Table I. It
reveals from Table I that the main differences and contributions
of the proposed framework are as follows.

1) The impact of multiple filter parameter variances due to
component tolerances, operating points, and aging effects
are quantified in the proposed probabilistic framework.
The influence of environmental stress on robust stability
and filter performance is analyzed based on the mission
profile method.

2) In this article, both robust stability and filter performance
are selected as the risk of failure. The failure risk of
grid-connected inverters is determined by the performance
index with the highest risk. Thus, the proposed risk assess-
ment framework can be easily extended to more perfor-
mance indexes.

In Section II, the sources of parametric uncertainties are in-
vestigated, and parametric uncertainties are quantified based on
mechanism analyses and data fitting. In Section III, based on the
structured singular value analysis, the stable parameter domain
of the grid-connected inverter is determined. Combining the sta-
ble parameter domain and the uncertain parameter distribution,
the instability risk of the inverter is quantified. Then, the total
harmonic distortion (THD) of the grid current is estimated to as-
sess the risk of poor filter performance. Finally, the probabilistic
assessment framework of the grid-connected inverter’s failure
risk is proposed. Case studies and experimental verifications
are presented in Section IV and Section V, respectively. The
summary and conclusion are in Section VI.

II. PARAMETRIC UNCERTAINTY QUANTIFICATION

The block diagram of the grid-connected inverter is shown
in Fig. 1, and the nominal parameters are given in Table II.
The blue dotted line in Fig.l indicates the power hardware
part, and the rest is the sampling, control, and modulation
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Fig. 1. Block diagram of three-phase LCL-filtered grid-connected inverter.

TABLE II
NOMINAL PARAMETERS OF THE INVERTER

System parameters Symbol Nominal Value
System capacity Sinv 6600 VA
DC voltage Uge 800V

Grid voltage (RMS) Uy 220V
Filter inductance L 2.4 mH
Filter capacitance Cr 10 pF

Sampling frequency /s 10 kHz

Grid resistance R, 0.1Q
Grid inductance L, 0.9 mH
Controller coefficients K, /K; 0.4/40

part. Uncertain parameters and their nominal values are rep-
resented by lowercase and uppercase letters, respectively. This
article considers uncertain parameters from passive compo-
nents, including filter inductance /;, capacitance cy, and grid
inductance /.

For grid-connected inverters, parameter uncertainties are
mainly introduced by parameter tolerance of component manu-
facturing, parameter deviation of component aging, and uncer-
tainty of operational conditions [3]. In addition, the influence of
environmental stress on component parameters is studied in this
section. Based on mechanism analyses and measurement data,
parametric UQ can be obtained through theorem derivation and
data fitting.

A. Tolerance From Production

Components deviate from their nominal parameters due to
constraints of the production process. The component tolerance
represents the degree to which a component parameter deviates
from the nominal parameter. For example, the filter inductor
tolerance can be more than 15% [23], and the filter capacitor
tolerance is typically in the range of 5% to 10% [24].

The central limit theorem indicates that the uncertainty af-
fected by multiple independent random factors tends to be in a
normal distribution [25]. The probability density function (PDF)
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TABLE III
FILTER INDUCTOR PARAMETERS

Parameters Symbol Value
Initial inductance L 2.352 mH
Magnetic path length L 0.243 m
Number of turns N 99
Fit formula parameters alc 0.01/1.819
Fit formula parameter b 7.98:107

of a normal distribution is known as

1 [ 1 (e - E) 2
———exp |5
o (o)? 7
where the lowercase e is a random variable, the uppercase E is

the expectation, and ¢ is the standard deviation.
The normal distribution in (1) is recorded as e ~ N(E, o).

fle)= (1)

B. Uncertainty of Operational Conditions

Under normal conditions, the output power of an inverter is
between full load and no load. Due to the soft saturation of
the magnetic core, the parameter of the filter inductor will be
affected by the operating point [26]. Taking the powder core
as an example, the soft saturation characteristics of the filter
inductance are expressed as follows [27]:

1
a+ b(iN/I.)°

where i is the current flowing through the filter inductor. a, b,
and c are fit formula parameters. N is the number of turns and /.,
is the magnetic path length.

For the filter inductor in this article, the corresponding values
in (2) are given in Table III [7]. According to (2), if the full load
current of the inverter is 20 A, the corresponding permeability
will be 88.7%. Combined with the inductor tolerance from
production, the perturbation range of the filter inductance is set
to £30%. For a typical normal distribution, more than 99% of
the parameters are distributed within plus or minus three times
the standard deviation of the expected value. Thus, the standard
deviation of the filter inductance is set to 10%, thatis [y ~ N(L1,
10%L).

Compared with filter inductors, the distribution of grid in-
ductance is more complex. The grid inductance is different for
different installation positions and grid conditions. According
to the measurements in [20], the grid impedance approximately
exhibits a normal distribution in the logarithmic coordinate.
Therefore, it can be assumed that In(/,)~N(E,, o ;). The expecta-
tion and standard deviation of the logarithmic normal distributed
parameter /,, are recorded as E(l,) and o(l,) [28]

E(ly) =exp [Eg + 03/2] 3)
o(lg) = [exp (O‘;) —1] x exp (2E, + 03) . 4

The PDF of the lognormal distribution under different pa-
rameters is shown in Fig. 2. It can be seen that when the

initial permeability (%) = (2)
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Fig. 3. Schematic diagram of filter capacitance aging prediction from the

accelerated test.

standard deviation is 0.125L, the lognormal distribution is close
to the normal distribution. When the standard deviation is higher,
the logarithmic normal distribution has more values distributed
upwards. This is in line with the weak grid situation.

C. Deviation With Aging

The metalized film capacitor is often used in LCL filters
because of its high electric-field stress [29]. The failure mecha-
nism of metalized film capacitors has been extensively studied
in related reliability researches [25], [29]. Due to dielectric
breakdown, aging of the metalized film capacitor results in
capacitance loss [25], as shown in Fig. 3. The failure of film
capacitors is mainly affected by the voltage, temperature, and
humidity [30]. The influence of these factors on the capacitor’s
lifetime can be expressed by the Arrhenius—Peck relation [31]

LCap = LCapO x KL 5
) ool () e (am)
KL=—+— X ex — X
( ‘/capO P Tcap TcapO KB RHO
(6)

where L,y is the lifetime in the accelerated test and L, is
the lifetime prediction for the applied condition. Veap, Teap, and
RH are the voltage, temperature, and humidity for the applied
condition, respectively. Veapo, Teapo, and RHy are the reference
conditions in the accelerated test. The meanings and values of
the remaining coefficients are given in Table IV [31].
According to the accelerated test data in [30], the capacitance
distribution of thin film capacitors during the aging process can
be fitted with a Weibull distribution. The PDF of a Weibull
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TABLE IV
COEFFICIENTS IN ARRHENIUS—PECK RELATION FOR FILM CAPACITORS

Coefficients Symbol Value
Activation energy E, 0.6 eV
Boltzmann’s constant K3 8.62:107 eV/K
Voltage stress coefficient -Di -9
Humidity stress coefficient -2 -2.66

7(t)=0.998, A(ty=1750.5

0= 099 0997 .
Capacitance (.pu)
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Fig. 4. Weibull fitting from the accelerated test. (a) 210 h. (b) 1449 h.

distribution is known as follows [29]:

0= () e G)] o

where the lowercase ¢ is the random variable, n is the scale
parameter, and [ is the shape parameter.

The Weibull fitting of the accelerated test at 85 °C (358.15
Kelvin), 400 V, and 85% relative humidity is shown in Fig. 4
[30]. It can be seen from Fig. 4 that as the test time increases, the
capacitance of the film capacitor decreases, and the variance of
the capacitance distribution increases. The Weibull distribution
in (7) is recorded as ¢ ~ Wb(n, ). The aging process in the
accelerated test can be represented by a Weibull distribution
with time-dependent parameters cy(t) ~ Wb(no (1), So(1)).

As shown in Fig.3, take the accelerated test as a reference,
the lifetime of use conditions can be predicted with (5). The
predicted capacitance distribution for use conditions can be
expressed as follows, considering the mission profile of the
applied condition

cr b (m (57 )0 (7)) = W00 50) @

The predicted distribution of the filter capacitance at 50 °C,
400 V and 35% relative humidity is shown in Fig. 5. Similar to
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Fig. 5. Parametric UQ of the filter capacitance.

Fig. 4, the filter capacitance gradually decreases and the range
of capacitance distribution gradually increases with aging.

For the LCL filter, the aging deviation of the filter capacitor
is relatively obvious [18]. Thus, this section mainly analyzes
the aging process of the filter capacitor. The mission profile
in this section is also limited, but the methods and procedures
for failure risk assessment remain the same with more complex
mission profiles.

III. PROBABILISTIC ASSESSMENT FRAMEWORK

In this article, robust stability and filter performance are se-
lected as the performance indicators of the inverter’s failure risk.
The structured singular value and THD of grid current are used
as the assessment indexes of robust stability and filter perfor-
mance, respectively. The corresponding assessment framework
is proposed as follows.

A. Robust Stability Assessment

The robust stability model of the uncertain system is based on
the nominal system model. The closed-loop block diagram of
the LCL-filtered three-phase inverter in the synchronous frame
is shown in Fig. 6 and the blocks of uncertain parameters are
marked in blue. To improve the robust stability of the inverter,
the active damping strategy with CCF is applied and the CCF
coefficient is K ..

The current control in the synchronous frame adopts a P regu-
lator. The controller outputs of the d-axis and g-axis are denoted
as ugg and uy,, respectively. The controller state variables are
defined as x1, xo

T1 = Ufd — Kpdi;d (9)

Ty = uypq — Kpgiy, (10)

where K,q and K, are the proportional coefficients of the d-axis
regulator and the g-axis regulator, respectively.

The state-space equations of the PI regulators in the syn-
chronous frame are

@] _ [Kia 0] Jid
i) T L0 Ki i,

where K;q and K, are the integral coefficients of the d-axis
regulator and the g-axis regulator, respectively.

(1)
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The time delay modules of d-axis and g-axis are denoted
as Gyq(s) and Gyg(s), respectively. The time delay adopts a
one-order Taylor expansion [32]. The outputs of the time delay
modules are defined as x3 and x4, respectively. In inverters, the
time delay mainly comes from the controller and modulation
[33]. For ease of expression, the theoretical derivation section
of this article combines controller delay and modulation delay.
The delay time is defined as T5. The sampling period is recorded
as T and the default value of T is 1.57.

In the synchronous frame, the state vector is defined as x =
li1d, i1qs igds igqs Ueds Uegs X1, X2, X3, X4,]7. The output vector
is defined as y = [igq, igq]T and the input vector is u = [uyq,
Uggs Irefds irefq]T. Thus, the nominal state-space model of the
LCL-filtered grid-connected inverter is as follows:

215 Sl

where A is the state matrix, B is the input matrix, and C is the
output matrix. Specific matrices can refer to Appendix A. The
matrix O has appropriate dimensions and all elements are 0.

Uncertain parameters studied in this article include filter
inductance /1, filter capacitance cy, and grid inductance /,. The
uncertain parameter model is a product perturbation model. Tak-
ing filter inductance /; as an example, the product perturbation
model of /1 is

12)

i =14 (1+Pl5l) (13)
where L; is the nominal value of the filter inductance, and P;
is the maximum parameter perturbation percentage of L;. The
uncertainty ¢§; is bounded between —1 to 1 for the normalization
of stability criteria.

The perturbation percentages of filter capacitance cy, and
grid inductance /4, are denoted as P, and P, respectively. The
uncertainties of cyand [, are denoted as ¢ and ¢4, respectively.

To apply the structured singular value analysis, the uncertain-
ties should be separated from the known part of the system. This
separation can be achieved by the linear fractional transforma-
tion (LFT) method [34]. The upper LFT forms of 1//1, 1/cy, and
1/1, are donated as F, (M, 61), Fy (M, é.), and F,, [M, 6],

Closed-loop block diagram of the LCL-filtered inverter with multiple uncertain parameters.

(b)

Fig. 7. Uncertain models. (a) Uncertain parameter model. (b) General uncer-
tain system model.

respectively. For the specific calculation of the LFT method and

the structure of the coefficient matrices, please refer to [21].
The models of the uncertain parameter and uncertain system

are shown in Fig. 7. The uncertainty matrix A(s) is as follows:

A (s) = diag (01,01, 04,094, 9, 6c) . (14)

The input vector of the uncertainty matrix A(s) is defined as
ya and the output vector of A(s) is defined as u A. The extended
state-space model is expressed as

Ya| _ |Du Ci |ua

T B1 A €
where the state matrix A is the same as thatin (12). The remaining
matrices can be calculated by the LFT method and specific
matrices can refer to Appendix B.

The transfer function matrix M(s) can be derived from the
extended state-space model (15)

M(S) = Cl(SI - A)_1B1 + D11

5)

(16)

where I is an identity matrix.

For the general uncertain system model shown in Fig. 7(b),
the structured singular value can be calculated by the MATLAB
robust toolbox [35]. The SSV of M(s) in (16) is recorded as
ua(M) and the maximum SSV is recorded as .

For the convenience of expression, the uncertain parameters
are recorded as g1, go and so on. The corresponding nominal
parameters of g; (i = 1, 2...) are recorded as G; and the
perturbation range of g, is recorded as P;. According to [21],
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TABLE V
THD ESTIMATION

Capacitance (uF) ~ THD Estimation (%) THD with FFT (%)
12 3.13 2.77
10 3.80 3.61
8 5.07 5.1
6 6.98 10.0

the robust stability domain based on the SSV method is a hy-
percube in the multidimensional parameter space. The stability
margin of the SSV method is 1/p.. The upper and lower bound of
the hypercube are G; (1 + P; /) and G; (1-P; /), respectively.
The probability that the system is stable is the probability that
the uncertain parameters are within the hypercube

k
Q) =[]QG:i (1= Pi/p) < g: <Gi (1+ Pi/p)) (A7)

i=1

where Q(X) represents the probability of event X.

B. Filter Performance Assessment

Despite stability, the parameter deviations of the LCL filter
will also influence filter performance. The failure of filter per-
formance will result in excessive harmonics of grid current.
Therefore, the THD of grid current is used as the index to
quantify the filter performance. According to [36], the THD of
grid-connected current can be estimated as follows:

1 Vdc 1

THD = — 18
24 fsleLng (mf — 6)20.)721 — Wrzesf (m) ( )
3., 33 9(3 93

fW—gm‘w%Q‘%m (19)

where m is the modulation ratio. w,, = 27f,, is the grid frequency,
and f,, is the switching frequency. my = fou/fn. Wres 1s the
resonance frequency for the LCL filter.

When the filter capacitance changes (L, = 0.6 mH, L; =
2.4 mH), the THD estimation by (18) and the corresponding
FFT analysis of simulation are given in Table V. THD exceeding
5% is used as the criterion for filter performance failure. Since
the error around the criterion is small, the accuracy of the filter
performance assessment is acceptable.

The filter performance assessment process adopts the Monte
Carlo method. First, a large number of parameter groups are gen-
erated according to the parameter distribution in Section II. The
number of parameter groups is recorded as Np. Subsequently,
the corresponding THD estimation of each parameter group is
calculated with (18). Third, the number of parameter groups
with a THD less than 5% is obtained by statistics, and the total
number of eligible groups is recorded as Num. Finally, the risk
of THD exceeding 5% can be obtained as follows:

Frgp =1 — (20)

Np

9519

( Mission profiles(Input) )
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Parametric uncertainty quantification(Sec. IT)

i. Filter inductance /, ~ N(Ly, o7)

ii. Grid inductance In(lg) ~ N(Lg, o).

iii. Filter capacitance ¢y~ Wh(y(1), f(1))

A

Robust stability assessment (Sec. 111 A)
i. Uncertainty range determination

ii. Structured singular value analysis

iii. Robust stability assessment with (17)

v

Filter performance assessment (Sec. III B)
i. Parameter groups generation

ii. THD estimation with (18)

iii. Filter performance assessment with (20)

If t > 20 years? No

( Failure risk assessment (Output) )

Fig. 8. Failure risk assessment procedure.

C. Fuailure Risk Assessment Procedure

The failure risk assessment procedure is shown in Fig. 8.
The input of the assessment is the component tolerance range
and operating condition investigated in Section II. The known
component tolerance and operating condition can quantify the
parametric uncertainties through mechanism analyses and data
fitting. According to Section II, the filter inductance and grid
inductance distributions are time-independent, while the filter
capacitor distribution is time-dependent. Combined the paramet-
ric UQ, the robust stability and filter performance are analyzed,
and the corresponding assessment results are obtained. Then,
it checks if the life expectancy is reached. If no, the subse-
quent evaluation is performed; if yes, the assessment result is
counted. The final output is the failure risk assessment of the
grid-connected inverter within the expected life. The failure risk
of grid-connected inverters is determined by the performance
index with the highest risk. The proposed assessment framework
can be extended to more performance indexes or other filter
topologies.

IV. CASE STUDY

This section presents the results of three cases considering
different sources of uncertainty. The nominal parameter of
the inverter is given in Table II. The corresponding uncertain
parameter distributions of these cases are given in Table VI.
case 1 considers the uncertainty from component tolerance;
case 2 includes the additional effect from component operating
conditions, and Case 3 adds the impact of component aging. The
mission profile of case 3 is the same with that of Fig. 5.

The maximum SSV and the THD of the grid current are shown
in Fig. 9 by taking case 2 as an example. When the parameter
increases, the filtering performance improves, and the THD of
the grid current decreases. The variation range of each parameter
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TABLE VI
UNCERTAIN PARAMETER DISTRIBUTION

Case 1 Case 2 Case 3
Source of Tolerance and weak Tolerance, weak grid
. Tolerance . .
Uncertainty grid and aging
Filter ind. Li~N(Ly, 10%L,) 1,~N (L1, 10%L;) 1i~N (L1, 10%L)
Grid ind. lg~N (Lg, 10%Lg) I~ InN (Lg, 25%Lg) g~ InN (Lg, 25%Ly)
Filter cap.  ¢~N(Cp, 3%C)) ¢~N(C; 3%C) ¢~ Wh(n(), (1))
2.
1,8' ——
Lé ——
g ’ L
1.4
3,
1.2r
1.0p
0.8 09 10 . 11 T
Ratio to the nominal value
(a)
——1
—]
L
= - i
2.4% \\
2.0% 1
0.8 1.2

0.9 o . T
Ratio to the nominal value

©)

Fig. 9.  Analysis results when parameters vary. (a) Structured singular value.
(b) Total harmonic distortion.

in Fig. 9(b) is limited, so the THD of the grid current does not
exceed the criterion for filter performance failure (THD = 5%).
The parameter range constrained by the filtering performance
can be further obtained by reducing each parameter. For SSV, in-
creasing grid inductance and filter capacitance will increase the
maximum SSV, which increases the risk of instability. However,
increasing the filter inductance reduces the risk of instability.

The robust stability domain in this article is a cube in the
three-dimensional parameter space and the instability risk is the
probability that the uncertain parameters are beyond the cube.
The risk of THD exceeding can be directly estimated by the
Monte Carlo method. For case 2, the THD distribution of the grid
current is shown in Fig. 10(a) and the risk of THD exceeding is
the integral of the distribution function greater than 5%. Further,
the failure risk assessment of case 3 is shown in Fig. 10(b). Due to
the influence of the filter capacitor aging, the instability risk will
decrease with the running time, while the risk of THD exceeding
will increase.

The assessment result of each case is given in Table VII.
Compared with case 1, due to the increased distribution range of
grid inductance, the instability risk and the THD exceeding risk
of case 2 are significantly increased. The uncertain parameter
distributions of case 3 at the initial moment are the same as
those of case 2. Therefore, the assessment results of case 3 at
the initial moment are the same as those of case 2.
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Fig. 10.  Assessment results. (a) THD distribution of case 2. (b) Failure risk
assessment of case 3.

TABLE VII
FAILURE RISK ASSESSMENT RESULTS

Case 1 Case 2 Case 3
Structured singular value 0.69 1.21 1.21t00.97
Risk of instability (1-O(r)) <0.01% 0.49%  0.49%t0 0.21%
Risk of THD exceeding 5% (Frp) ~ 0.07% 1.35%  1.35% to 5.44%

The failure risk assessment of case 3 shown in Fig. 10(b) is just
for one kind of mission profile. More assessment results under
different temperatures and relative humidity levels are shown in
Fig. 11. It can be seen from Fig. 11(a) that when the operational
temperature is higher, the risk of instability decreases faster.
Relative humidity has the same effect on the risk of instability.
However, the risk of THD exceeding rises faster at a higher
operating temperature or relative humidity. This shows that with
the aging of the filter capacitor, the THD of grid current is more
likely to exceed the standard.

According to the analysis in Fig. 9, the LC filter can be
redesigned to limit the risk of THD exceeding within acceptable
levels. The redesigned cases with a higher nominal capacitance
(12 pF) and a higher filter inductance (3.0 mH) are shown in
Fig. 12(a) and (b), respectively. Although increasing the filter
capacitor can reduce the risk of THD exceeding, it also increases
the risk of instability. Meanwhile, increasing the filter inductance
can improve the robust stability and filter performance of the
system at the same time. Therefore, increasing the filter induc-
tance is a better choice to reduce the risk of THD exceeding.
For nominal value design, because the aging process of the filter
capacitor is relatively obvious, it is more appropriate to select
the nominal value with a lower sensitivity of filter capacitance.



CHEN et al.: FAILURE RISK ASSESSMENT OF GRID-CONNECTED INVERTER WITH PARAMETRIC UNCERTAINTY IN LCL FILTER

~ ' ' ' ' 00 |
S04F NS T 1
> Tm=
Z |
£03 1
z  [[—50°C, 40% RH 1
2 0.21|— 50°C, 30% RH
S |7 50°C,35% RH
%0.1f---55°C, 35% RH
& H---45°C, 35% RH

0 5 ' 30

W

— 50°C, 40% RH| |/
||[— 50°C, 30% RH] |l
— 50°C, 35% RH| ||
---55°C, 35% RH]| |
L|---45°C, 35% RH|

~

Risk of THD exceeding (%)
[ ] w

—

5 0 15 20 75 30
Time (year)

(b)

Fig. 11.  Assessment results with different temperatures and relative humidity
levels. (a) Risk of instability. (b) Risk of THD exceeding.
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V. VERIFICATIONS

The HIL simulation platform with Typhoon 402 and the phys-
ical prototype of a three-phase inverter are shown in Fig. 13(a)
and (b), respectively. The controller is DSP 28335, and the
nominal parameters of HIL simulation are given in Table II.
For the HIL simulation, the power hardware in the blue dotted
line of Fig. 1 is simulated in Typhoon HIL device, while the
rest of the control and modulation parts are realized by the
DSP controller board. Such a simulation structure is also called
controller hardware-in-the- loop simulation.
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Fig. 13.  Platforms for the HIL simulation and experiment. (a) HIL simulation.
(b) Three-phase inverter prototype.
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Fig. 14. Experimental verification of robust stability boundary. (a) Robust
stability analysis with structured singular value. (b) Experimental verifications.

A. Verifications With Prototype

The physical prototype is used to verify the analysis of the
stability boundary. The experimental verification of the robust
stability boundary is shown in Fig. 14. The dc voltage for the
experiment is 360 V. The grid voltage is provided by the
regenerative grid simulator Chroma 61830 and the ac voltage
is 110 V (RMS). The remaining nominal parameters are the
same as that in Table II.

Because the parametric uncertainty in this article is between
-1 to 1, the criterion for robust stability is whether the structured
singular value g is greater than 1 [35]. In the experimental
verifications, the d-axis and q-axis regulators are the same and
the proportional coefficient is recorded as K,,. When K, is 0.3
and 0.5, the maximum SSVs are calculated as 0.67 and 1.3,



9522

iep=10A €<= in=20A e

|
Vea:[S00V/div] AN
.

Nd \:’{}\/ v\v !

ig:[10A/div] » \/ Y

A/\ /\ f\/\\ ‘/\/\

[ Vo
VWUV

, Time: [20ms/d1v]
(a)
inf=10A &1 = 20A

Pr——

ig:[20A/div] | Time:[10ms/div]

©
Fig. 15. Robust stability verification with filter capacitance change. (a) Within

the stability boundary (10 F). (b) Around the stability boundary (14 uF). (c)
Beyond the stability boundary (15 uF).

Vea:[500V/div]

J‘\v 1094

Time:[20ms/div]

5095989089 ‘\J,,.
i;:[10A/div]

o e s

f L |
' Time:[20ms/div]
(b)

" 10AMV]
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respectively. According to the analysis results, the inverter is
stable when K, = 0.3, and the SSV exceeds the stability bound-
ary when K, = 0.5. The corresponding experimental verification
waveforms are shown in Fig. 14(b) and the experimental results
are consistent with the SSV analysis. The experimental results
verify the correctness of the robust stability analysis.

B. Verifications With HIL Simulation

Because the component parameters can be changed arbitrarily
in the HIL simulation, the influence of parameter variations
is verified through the HIL simulation platform. Keeping the
proportional coefficient at 0.3, the robust stability verification
with the filter capacitance change is shown in Fig. 15. The filter
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capacitors in Fig. 15(a)—(c) are 10, 14, and 15 pF, respectively,
corresponding to the conditions within, around and beyond the
stability boundary. The risk of instability increases with increas-
ing capacitance, which is consistent with the analysis in Fig. 9(a).
What’s more, the current reference i,.t4 is changed from 10 to
20 A in Fig. 15, which also verifies the robust performance of
the system when the load changes.

The influence of the grid inductance variation is also verified
through the HIL simulation. The corresponding HIL simulation
results are shown in Fig. 16. The grid inductors in Fig. 16(a) and
(b) are 2 and 3 mH, respectively. The waveform under nominal
parameters is the same as that in the Fig. 15(a), so only the
waveforms around and beyond the stability boundary are shown
in Fig. 16. It can be seen that the increase of grid inductance will
increase the risk of instability, which is also consistent with the
analysis in case study.

The verification of the filter performance with uncertain
parameters is shown in Fig. 17. When the filter capacitance
decreases, the harmonic distortions around the switching fre-
quency are -33 dB as shown in Fig. 17(b), and the harmonic
distortions are significantly higher than those in Fig. 17(a)
which is -40 dB. When the grid inductance decreases, the
harmonic distortions around the switching frequency are -35
dB in Fig. 17(c), also higher than those in Fig. 17(a). Therefore,
the filter performance is worse with less filter capacitance or grid
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0 —w 0 0 —1/L, 0 0 0 Kowm/L1 0
w 0 0 0 0 —1/L, 0 0 0 Kowm/ L1
0 0 —Ry/Lg —w 1/L, 0 0 0 0 0
0 0 w —R,/L, 0 1/L, 0 0 0 0
A 1/Cy 0 —1/Cy 0 0 —w 0 0 0 0
o 0 1/Cy 0 -1/Cy w 0 0 0 0 0
0 0 —Kq 0 0 0 0 0 0 0
0 0 0 —Kiq 0 0 0 0 0 0
—Kc/Td 0 (KC—Kpd)/Td ng/Td 0 0 I/Td 0 —1/Td 0
0 —K. /T, —wLy /Ty (K¢ — Kpa)/Ta 0 0 0 1/Ty 0 —1/Ty |
(A1.3)
0 0 0 0 —1/Ly 0 0 0 Kpwm/L1 0
0 0 0 0 0 -1/L; 0 0 0 Kpwm/ L1
- 0 0 —Ry/L, 0 1/L, 0 0 0 0 0
Ci=1y 0 0 ~R,/Ly, 0 /L, 0 0 0 0 (A2.3)
1/Cy 0 —1/Cy 0 0 0 0 0 0 0
0 1/Cy 0 —1/Cy 0 0 0 0 0 0
inductance. The HIL simulation results are consistent with the - 001 00O0UO0UO0TU0LTO ALD
analysis in Fig. 9(b). /0001 000O0O0O0 (AL2)
VI. CONCLUSION
APPENDIX B

This article proposes a probabilistic framework for the failure
risk assessment of grid-connected inverters, which quantifies
the operational risk of grid-connected inverters in combination
with multiparameter uncertainties. A case study on a three-phase
inverter is performed to verify the proposed framework through
HIL simulation and physical prototype testing. The results
of failure risk analysis and assessment conduct the following
conclusions.

1) The stability criterion of SSV less than 1 and the filter
performance criterion of THD less than 5% are effective.
The assessment results with the proposed criteria are
consistent with the experimental verification.

The proposed probabilistic assessment framework quanti-
fies the failure risk of inverters affected by environmental
stress. It reveals from the case study that the increase of
5 °C or 5% relative humidity will accelerate the failure
process of the inverter for about 6 years.

Based on the parametric sensitivity analysis, the re-
designed case with a higher filter inductance (1.2 L1) can
limit the risk of THD exceeding to less than 1.0% without
increasing the instability risk.

2)

3)

APPENDIX A

The corresponding matrices in (12) are as follows (A1.3)
shown at the top of this page

00-1/L, 0 00 0 0 0 o 1"
B[00 0 —1/L,00 0 0 0 0

00 0 0 00Ky 0 Kp/Ty 0

00 0 0 00 0 Ky 0 Kpa/Ty

The corresponding matrices in (15) are as follows (A2.3)
shown at the top of this page

D, = diag (P, —P,,—P,,—P,,—P,,—P,) (A1)
| D1
B, = {OJ . (A2.2)

The matrix O has 4 rows and 6 columns, and all elements of
0, are 0.
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