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Abstract: In photovoltaic (PV) systems, the reliability of the system components, especially the
power converters, is a major concern in obtaining cost effective solutions. In order to guarantee
service continuity in the case of failure of elements of the PV converter, in particular, semiconductor
switching devices, a solution is to design power converter with fault-tolerance capability. This can
be realized by aggregating hardware redundancy on an existing converter, providing the possibility
of replacement of faulty elements. This paper evaluates the reliability of a fault-tolerant power
electronics converter for PV multistring application. The considered fault-tolerant design includes
a single redundant switching leg, which is used in order to reconfigure the structure in case of a
switch failure either on DC-AC or DC-DC stages. This paper details the reliability estimation of the
considered PV multistring fault-tolerant converter. Furthermore, a comparison with a conventional
structure without fault-tolerant capability is provided. The results show that the introduction of a
single redundant leg allows for improving the converter mean time to failure by a factor of almost
two and it reduces, by half, the power loss due to system-failure shutdowns in PV applications,
while only increasing the converter cost by 2-3%.

Keywords: fault-tolerant; markov model; multistring converter; photovoltaic; reliability

1. Introduction

System reliability is one of the key parameters for obtaining cost-effective and sustainable solutions
in the photovoltaic (PV) system. Indeed, an unexpected shutdown due to system components failure
can cause significant production loss [1]. In PV applications, the weakest elements with the higher
failure rate are the power electronic converters [2]. In this regard, the power inverter is responsible
for approximately 50 % of the total failures on a PV plant [3,4], whch means an impact on the average
power loss of more than 35 % [3,5] with a larger impact when considering central-inverter solutions.
Therefore, designing a more reliable power electronic converter is very important. One way to improve
the converter reliability is to design a fault-tolerant solution that is able to maintain operation in the
case of a failure of elements of the converter [2].

Capacitors, printed-circuit boards, and semiconductor switching devices are the weakest elements
of power electronic systems [2]. The failure of insulated-gate bipolar transistors (IGBTs) in power
electronics converters is then of major importance and it has been largely studied, such as in [6,7],
where the existing methods to handle the failure and achieve fault-tolerant operation are also reviewed.
Faults that occur on the switching devices can be classified into short- and open-circuit faults [8].
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Short-circuit fault results in a short-circuit at the DC-link capacitor and it would lead to a shut
down of the system. However, short-circuit can be detected by the switch control driver and it has
become a standard feature of commercial drivers in order to prevent a shoot-through fault during
short-circuit faults by suppressing the switching control drive signals to the healthy switching device
on the same leg [8]. Short-circuit faults then result in an open-circuit on the leg. On the other hand,
open-circuit faults cannot be detected by the driver, and an additional circuit is required in order to
obtain open-circuit fault-tolerant operation [9].

Many fault-tolerant techniques have been proposed in the literature, as reviewed in [10].
Fault-tolerant solutions are always based on hardware redundancy and associated control strategies [10].
They can be classified between switch-level, leg-level, module-level, and system-level solutions,
depending on the type of hardware redundancy [10], with the redundant-leg topology being considered
to be the optimal compromise between system cost, performance, and reliability [10]. Leg-redundant
fault-tolerant solutions have been largely proposed in the case of three-phase inverters [11,12] and
single-phase DC-AC converters [13]. Other studies have focused on leg-redundant fault-tolerant
operation of DC-DC converters, such as [14,15]. In [16], fault detection and identification for both
DC-DC and DC-AC converters are proposed, but without fault-tolerant operation.

In this paper, a fault-tolerant PV multistring inverter is proposed. It consists of a conventional
two-stage DC-AC PV multistring converter with the introduction of a single redundant switching
leg. The redundant leg can be used for reconfiguring the system and replacing a faulty leg, either on
the DC-DC and DC-AC converter stages. The proposed converter can then continue operating in
case of failure of one switching device of the system. This paper provides a reliability assessment of
the proposed converter and compares it with the conventional non-redundant converter, in order to
quantify the interest of introducing one additional leg.

This paper is organized as follows. First, Section 2 describes the proposed fault-tolerant PV
multistring inverter and its principle of operation, calculates the converter component failure rates,
and then obtains the reliability model of the converter. Section 3 provides the methodology that
was followed to perform the simulation of the proposed fault-tolerant system. In order to verify the
converter feasibility, Section 4 presents the simulation results of the converter switching model under
different faulty switches. It also presents the converter reliability results that were obtained from
the reliability model and compares them with the reliability of the conventional non-fault-tolerant
topology. A thorough discussion of the results is provided. Section 5 provides a view on the economic
aspects of the proposed fault-tolerant converter and its impact on PV applications. Finally, Section 6
provides some conclusions of this work.

2. Theory

This section describes the structure and principle of operation of the proposed fault-tolerant
PV multistring inverter, as well as the reliability model of the converter components and the overall
system, which allows for computing the estimated reliability of the converter.

2.1. Fault-Tolerant Converter

Figure 1 shows the considered fault-tolerant PV multistring inverter. It consists of two stages.
The first stage is constituted by three DC-DC boost converters that are connected to the PV strings and
the second stage consists of a two-level three-phase DC-AC converter that is connected to the grid.
The fault-tolerant part consists of a single redundant switching leg (Srt, Sgp, and its corresponding
anti-parallel diodes) and six bidirectional triode thyristors (TRIACs, Tpy1, Tpv2, Tpvs, Ta, Tp, and Tc) that
connect the output of the redundant leg to the output of the DC-DC and DC-AC stages switching legs.

The converter fault-tolerant principle of operation consists of connecting the redundant leg in
place of the faulty leg by enabling the TRIAC that is connected to the faulty leg. The described
fault-tolerant mechanism is only valid when the switching devices fail in open circuit. Nonetheless,
a switch short-circuit failure can be readily converted into an open-circuit failure by isolating the
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faulty device from the rest of the circuit. This can be done with fuses, TRIACs, or other appropriate
devices (as the iFuse device described in [17]) by placing them in series, with each switch or at
the switching-leg output. Therefore, the presented fault-tolerant mechanism can sustain switch
open-circuit and short-circuit failures if proper measures are taken.
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Figure 1. Proposed fault-tolerant photovoltaic (PV) multistring inverter.

The switch open-circuit fault must be detected and localized in order to obtain fault-tolerant
operation. Any fault detection and localization methods can be used with the proposed converter,
provided that the detection, localization, and reconfiguration process is fast enough not to damage
other parts of the system. For the DC-AC stage, possible fault detection and localization algorithm
can be found in [18-23] and for the DC-DC stage it can be used, for example, the methods proposed
in [14,15,24].

Nonetheless, in order to demonstrate the feasibility of the proposed fault-tolerant converter
structure, specific fault-diagnosis methods are considered, which are later implemented in the converter
model that is described in Section 3 in order to obtain the simulation results that are shown in Section 4.
For instance, the switch open-circuit fault detection and localization functionalities on the DC-AC
stage are implemented with the method that is proposed in [25]. This method is based on the current
Park vector that was obtained from sensing the phase currents and allows detecting and localizing
individual switch open-circuit faults in less than one fundamental period of the grid currents. It has
been compared to other Park vector based approaches in [26], showing that one of its main advantages
is the robustness of this diagnosis method. The switch open-circuit fault diagnosis on the DC-DC
stage consists on sensing the inductor current and comparing it to a threshold value, empirically
set to 2 % of the nominal inductor current. Open-circuit fault is detected if the value of the current
stays below this threshold for a number of samples higher than a threshold value (empirically set to
50). Fault detection is independent for each boost converter. Therefore, no localization algorithm is
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required. Both fault-diagnosis methods employ the existing current sensors that are required by the
DC-DC and DC-AC stages controls, therefore offering a simple and economic method to perform the
fault diagnosis.

Table 1 shows the number of elements and the references of the selected components for the
proposed fault-tolerant converter. Table 2 shows the relevant converter parameters.

Table 1. References and number of elements of the selected components.

Component Total Number Reference Comments
of Elements

Two parallel strings per phase.

Cpvir Cpvar Cpva 12 ALS61A182MMS50 Each string formed by two capacitors in series
Lovis Lpva, Lpvs 3 195E50 One inductor per phase

Cpe 20 MKP1848C71010]Y5  All capacitors in parallel

L¢ 3 RTLX50 One inductor per phase

IGBTs + diodes 11+ 14 SKM50GB12T4 -

TRIACs 5 SK45UT -

Table 2. Parameters of the proposed system.

Parameter Value
Rated power 20kW
Vpvk 660V
Grid voltage 400 VrMms
Vbe 800V
Covk 1800 uF
Lovk 2.5mH
Cpe 2000 pF
L¢ 588 uH
I 352mQ)

DC-DC stage switching frequency ~ 20kHz
DC-AC stage switching frequency ~ 10kHz
Grid frequency 50Hz

2.2. Component Failure Rates

In this paper, MIL-HDBK-217F [27] is used in order to obtain the component failure rates.
Reference [27] is a commonly used standardization handbook that is employed for this purpose. It is
often criticized to give pessimistic results and it has not been updated recently [28]. However, the aim
of this paper is to prepare a framework for reliability comparison and assessment of the improvements
that are achieved with the described fault-tolerant mechanism. Subsequently, any available data source
can be adopted in the outlined procedure.

Table 3 presents the variables defining the component failure rates, whose units are in failures
in time (FIT); i.e., failures per 10° h. These variables are defined in terms of a base failure rate (1;)
and a number of adjustments factors (7r). The value of these parameters is dependent on the type
of component, the component operating conditions, and its constructive parameters. For instance,
A1gpT1 May be different to A;gpro, since the active IGBTs in the DC-DC stage may operate at different
junction temperatures than those of the DC-AC stage. Appendix A provides the value of these
parameters. It should be noted that the equations and parameter values defining the IGBT failure
rates (A;gpr1 and Ajgpr2) do not appear in [27]. In order to overcome this, the same failure-rate model
defined for the power metal-oxide-semiconductor field-effect transistor (MOSFET) will be considered,
but with a Ay, half of that of the MOSFET, as done in [28].
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Table 3. Variables defining the failure rate per component.

Component Variable
Clez va2/ va3 Act
valr va2/ va3 A
Cpc Acpe
Lea, Les, Lic ALz

IGBTs (DC-DC stage) AIGBT1
IGBTs (DC-AC stage) )‘IGBTZ
Diodes (DC-DC stage) AD1
Diodes (DC-AC stage) AD2
Tpvi, Tpva, Tpva AT
Ta, Tg, Tc A2

The failure rate of the redundant-leg devices is considered to be the same as the failure rate
of the devices that they are substituting. For instance, when one of the DC-DC stage leg fails,
the redundant-leg IGBT and diode failure rates will be equal to A;gpr1 and Ap1, respectively.

Figure 2 shows the relative contribution from each component to the multistring-inverter failure
rate, calculated according to Table 1 and Appendix A. It can be noticed that the IGBTs and diodes are
the most critical elements in terms of reliability. Therefore, the introduction of a redundant switching
leg would be beneficial.

<1% 3%
L C

N

25%
Diodes

s C m|GBTs = Diodes =L

Figure 2. Distribution of the components failure rate.
2.3. Reliability Model

Different approaches are typically applied in order to analyze the reliability of systems such
as Monte Carlo or Markov chain reliability models [29,30]. For the present reliability assessment,
a Markov chain reliability model is adopted, since it is an effective approach that can cover many
features of redundant systems, such as sequence of failures, failure coverage, and state-dependent
failure rates [29].

Two subsystems are considered in order to assess the reliability of the fault-tolerant PV multistring
inverter. The first subsystem considers the critical faults that cannot be handled by the fault-tolerant
system, i.e., capacitor and inductor failures. The second subsystem considers the fault-tolerant part of
the converter (IGBTs, diodes, and TRIACs).

The first subsystem represents a trivial two-state Markov chain, which is represented in Figure 3
in dashed line. State 0 indicates that all the capacitors and inductors are working, while state 3
indicates that one or more of these devices has failed and the system is shut down. The reliability of
the subsystem is

Ry(t) = P(t), @
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where P(t) is the probability that all of the inductors and capacitors are operational. P(t) evolves over
time according to

dP(t) _
where
Arc = 12A¢1 +3A11 +20Acpe + 312 3)

defines the compound failure rate of capacitors and inductors. In other words, as time progresses,
the probability of all inductors and capacitors being operational decreases at a rate equal to A cP(t),
tending to zero when t — co.

Figure 3. Markov-chain diagram of the whole fault-tolerant converter system. The subsystem defined
by the capacitors and inductors is represented in dashed lines.

The second subsystem is analyzed with a four-state Markov chain, which is illustrated in Figure 3
in solid lines. For its analysis, the reparation or degraded mode of operation of the converter is not
considered; i.e., if one of the switching legs fails after the reconfiguration, the converter will cease
its operation.

The states of the Markov chain are:

o State 0: All of semiconductor devices are operational; redundant and connecting devices (TRIACs)
are inactive.

e State 1: One IGBT or diode on the DC-DC stage has failed; the redundant leg and corresponding
TRIAC are activated.

e State 2: One IGBT or diode on the DC-AC stage has failed; the redundant leg and corresponding
TRIAC are activated.

e State 3: A second IGBT or diode fails or the TRIAC activated in the previous states fails; the system
shuts down.

The probability that the system is in the mth state at t moment is denoted as P, (). This probability
evolves over time, according to

dp,,
dt(t) ==Y AuiPu(t)+ Y AjuwPi(t), @
m#j j#Em

that is, the probability of being in the mth state increases with the probability of its preceding states
multiplied by the failure rates connecting it to those, and it diminishes with the probability of its
succeeding states multiplied by the failure rates connecting it to those.

The state equation of the considered subsystem is given by

Py(t) —Aop—Az O 0 0| |Po(t)
d (A _ Aot —Az 0 O [P(t) 5)
dt |P(t) Aoz 0 Ay Of |P(t)]|’

Ps(t) 0 Msz  Axp 0 |Ps(t)



Energies 2020, 13, 6525 7 of 13

where
Ao = 3A1GBT1 + 3AD1 (6)
Aoz = 6A1GRT2 + 6AD) (7)
Az = Aot +Agx + Arq 8)
Az = Ag1 + Ap2 + A1z )

are the failure rates that define the transitions between the Markov chain diagram states. In the
definition of (8) and (9) it is considered that all of the converter switches (including the redundant-leg
switches) are installed in the same heatsink. Therefore, when the redundant leg is enabled, the junction
temperature of its devices will be equal to the prefault temperature of the devices that they are
replacing. For this reason, Ag; and Agp appear in (8) and (9).

The reliability R (t) of this subsystem can be calculated following

Ra(t) = Po(t) + Pi(t) + Pa(t). (10)

Finally, the reliability of the complete system is the intersection of the two independent subsystem,
which is
R(t) = Rq(t) - Ro(t). (11)

The reliability is the probability of a device performing its purpose adequately for the period of
time intended under the operating conditions encountered. The mean time to failure (MTTF) is the
average time during which the system successfully operates before it fails, and it serves as a simple
indicator of the system reliability. The MTTF is given by

MTTE = / R(t)d. (12)
0

3. Methods and Materials

The fault-tolerant PV multistring inverter has been simulated under various scenarios in order
to demonstrate the feasibility of the proposed fault-tolerant converter structure and reconfiguration
strategy. Matlab-Simulink software has been used for performing the simulations. Detailed modeling of
the component losses has been implemented in order to obtain the converter component temperatures,
when considering an ambient temperature of 40 °C.

The converter energy source is implemented with a model of a PV panel with a voltage and
current of 660 V and 10 A, respectively, at the panel maximum power. A maximum-power-point
tracker for the PV panels is implemented for each boost converter in the DC-DC stage control, while the
DC-AC stage control loop regulates the grid currents in order to maintain the DC-link voltage (Vpc) at
the value that is specified in Table 2.

4. Results and Discussion

In a first simulation, an open-circuit fault is simulated on switch Sat at time ¢ = 0.02s. After the
detection and localization of the faulty switch, the system is reconfigured by enabling TRIAC T and
redirecting phase A switching signals to the redundant switching leg, as it can be seen in the grid
currents that are shown in Figure 4a. Normal operation is achieved after a few ms transient. Figure 4b
allows verifying that the DC bus voltage is affected within reasonable limits and its control is kept
during the fault detection and reconfiguration interval.
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Figure 4. Simulation of an open-circuit fault on switch Sar. (a) grid currents. (b) DC-link voltage.

Figure 5 shows the result of a second simulation, where an open-circuit fault occurs on switch
Spvi at time £ = 0.02s. The inductor current (Figure 5b) drops to zero immediately after the fault
occurs. After 2.5 ms, the fault is detected by the DC-DC stage fault-diagnosis algorithm and the
converter reconfiguration is performed by enabling TRIAC Ty and redirecting the Spy1 switching
signal to redundant leg Sgp switch. As in the previous case, normal operation is achieved after a few
ms transient (Figure 5a).

T
20 ' |4
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Time (<)

Figure 5. Simulation of an open-circuit fault on switch Spy1. (a) grid currents. (b) PV1 current.

According to the results, the proposed fault-tolerant converter structure is feasible, since, after a
fault occurs, the converter reconfiguration can be performed without incurring in harmful current and
voltage values that could damage the healthy devices.

Figure 6 shows the reliability as a function of time (11) of the proposed fault-tolerant PV
multistring inverter. In this figure, the reliability of the conventional structure without fault-tolerant
capability is also given. It can be seen from Figure 6 that the reliability of the system is significantly
improved by introducing the fault-tolerant capability.
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Figure 6. Reliability functions of the proposed fault-tolerant converter and the conventional
non-fault-tolerant converter.

Table 4 provides the MTTF for the fault-tolerant PV multistring inverter (12) and the conventional
structure. Through the introduction of a single redundant leg, the MTTF of the system is then improved
by 96%. The fact that the MTTF of the system is improved by a factor of almost two makes the proposed
fault-tolerant solution very attractive. Making an acceptable guess, the results that are presented in
Table 4 can be translated to total lifetime by assuming 8 hours of operation per day, leading to about
10 years of lifetime for the conventional structure; meanwhile, it is more than 20 years for the proposed
fault-tolerant converter.

Table 4. Mean time to failure (MTTF) of the considered topologies.

Topology MTTF

Conventional converter  3.20 years
Fault-tolerant converter  6.26 years

5. Economic Impact Evaluation

This section provides a short evaluation of the potential impact of the proposed fault-tolerant
solution from an economical point of view. First, an evaluation of the investment cost is given.
The proposed fault-tolerant converter has more switching components, which implies higher costs
than the conventional solution that consists of a two-stage two-level three-phase inverter. According
to [31], the semiconductor-component and ancillary-circuit cost of the conventional solution amounts
to about 12% of the total converter cost. Thus, because the proposed solution requires 20% more
switches (12 IGBTs as compared to the 8 to 10 IGBTs present in the conventional configuration), it can
be stated that the cost of such equipment is 2% to 3% higher.

Additionally, inverter failure leads to an average power loss in PV applications of more than
35% [3,5]. Thus, thanks to the proposed redundant system doubling the lifetime of the inverter,
this power loss is expected to be reduced a 50%. Failures in inverters in PV applications usually lead
to a reduction of the performance ratio of 5% to 6% [32]. With the proposed fault-tolerant inverter,
this reduction is expected to be lower, around 3%.

6. Conclusions

This paper proposes a reliability assessment of a fault-tolerant PV multistring inverter.
The proposed fault-tolerant converter consists of a conventional PV multistring converter with the
addition of a single redundant leg and the reconfiguration hardware. The reliability estimation
that was performed in this paper shows that, with the introduction of the fault-tolerant capability,
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the MTTF of the converter is improved by 96 %, effectively doubling the power converter lifetime
when compared with the conventional non-fault-tolerant structure. Moreover, it allows for reducing,
by half, the power loss due to system-failure shutdowns in PV applications. Considering also that the
increase in the converter cost is only between 2 % to 3 %, the proposed fault-tolerant PV multistring
inverter is very attractive for applications where maintenance is difficult, such as PV plants in remote
areas and applications where the reliability is critical, for example, when the PV source is the main or
single source of energy in a micro-grid. Moreover, the simulation results prove that the fault-tolerant
converter structure is feasible when proper fault-diagnosis algorithms are employed.
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Appendix A. Adjustment Factors

Adjustment factors for component failure rate calculation [27] are given in Table Al.

Component temperatures are obtained through simulations, considering an ambient temperature

of 40 °C.
Table A1l. Adjustment factors for component failure rate calculation [27].

Variable  Description Expression/Value Comment
Act Capacitor failure rate Ay - 717 - 71¢ - 7y - 7TsR - 7T - T = 0.0259 Units in FIT (failures/10° h)
Ap Failure base rate 0.00012 Aluminium electrolytic capacitor
T ture fact < —035 ( 1 1 >> T = 40°C, where T is the

T emperature factor exp( se790= \ 79273 — 298
! P P\se171075 \T+273 — 258 capacitor operating temperature
C = 1800 uF, where C is the

e Capacitance factor coz H . )
capacitance in pF
5
Ty Voltage stress factor 1+ <%) -
Qo Quality factor 10 Commercial
TE Environment factor 1 Indoor operation
Ve =330V and Vi 0 =550V,
Sc Voltage stress ratio VCVEM where V( is the operating voltage and
Ve, max is the capacitor rated voltage
Acpe Capacitor failure rate Ay, - 77 - 77 - 7Ty - 7TsR - 71Q - g = 0.0533 Units in FIT
Ap Failure base rate 0.00051 Metallized plastic film capacitor
T Temperature factor exp (% (ﬁ - ﬁ) ) T =40°C
e Capacitance factor co0 C = 1000 pF
5

Ty Voltage stress factor 1+ (%) -
Qg Quality factor 10 Commercial
TTE Environment factor 1 Indoor operation
Sc Voltage stress ratio VCV;M Ve =800V and V 0, = 1000V
A1, A2 Inductor failure rate Ap - 77 - g - g = 0.000111 Units in FIT
Ap failure base rate 0.00003 Fixed inductor
T ture fact ( —041 ( 1 1 )) T = 40°C, where T is the

T emperature factor exp | se955 | 7595 — 393
! P P\se171075 \T+275 ~ 258 inductor operating temperature
g Quality factor 3 Lower than MIL-spec
TTE Environment factor 1 Indoor operation
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Variable  Description Expression/Value Comment
AIGBT1 IGBT failure rate Ap - TTp1 - T4 - TQ - Mg = 2.93 Units in FIT
AIGBT2 IGBT failure rate Ap - Tt - TTp - TTQ - T = 2.77 Units in FIT
Ap Failure base rate 0.006 Half of the A, of a MOSFET
T; =141°Cand T, = 136°C,

T Temperature factor exp (—1925 (ﬁ — ﬁ )) where T; is the IGBT junction
temperature and i = {1,2}

A Application factor 10 Power supply 350 W
TQ Quality factor Plastic
TTE Environment factor 1 Indoor operation
AD1 Diode failure rate Ap - 7Ty - TTs - T - T - g = 1.14 Units in FIT
Ap2 Diode failure rate Ap - T2 - s - TTc - g - 7t = 0.916 Units in FIT
Ap Failure base rate 0.025 Fast recovery
Ty =131°Cand T, = 120°C,

TUT Temperature factor exp (—3091 (ﬁ - ﬁ )) where T; is the diode junction
temperature and i = {1,2}

s Voltage stress factor V24 -
te Construction factor 1 Metallurgically bonded
g Quality factor 8 Plastic
33 Environment factor 1 Indoor operation
Vp =800V and Vp,yuax = 1200V,

Vs Voltage stress ratio VDV,Z/ZX where Vp is the diode blocking voltage
and Vp 4y is the diode rated voltage

ATt TRIAC failure rate Ap - 7T TR + TTs - 7T - 7 = 0.0978 Units in FIT
A2 TRIAC failure rate Ap - T2 - TR - Tt - 7T - g = 0.0727 Units in FIT
Ap Failure base rate 0.0022 All types
Ty =44°Cand T, = 54°C,

i Temperature factor exp (—3082 (ﬁ — ﬁ)) where T; is the TRIAC junction
temperature and i = {1,2}

TR Current rating factor 4.8 TRIAC rated at 50 A
s Voltage stress factor Vo -
Qo Quality factor 8 Plastic
TTE Environment factor 1 Indoor operation
Vi =800V and Vi e = 1200V,

Vs Voltage stress ratio VT‘jC“ where V7 is the TRIAC blocking voltage
and V7 4y is the TRIAC rated voltage
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