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Abstract: A hysteresis space vector pulse width modulation (SVPWM) reconfigurable fault-tolerant
method for single-phase voltage source multi-level inverter with current tracking is proposed. Firstly,
the influence of single switch open circuit fault and double switches open circuit fault on the voltage
vector of the inverter is analyzed, and on this basis, the equivalent replacement of the voltage vector is
obtained by using the topology reconstruction of the inverter, and the redundant voltage vectors with
overlapping positions are preferred for equivalent replacement. If there are no coincident non-fault
vectors, the other non-fault vectors with the closest position and effect are selected. The fault-tolerant
method does not need the switching operation between the main power switching device and spare
power switching device of the inverter, and can directly control the on—off process of the inverter
reconfiguration unit through the driving signal of insulated gate bipolar translator (IGBT), which is
simple and stable. Under the conditions of single switch open circuit and most double switches open
circuit, the output current of the inverter can accurately track the reference current.
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1. Introduction

SVPWM Reconfigurable

Fault-Tolerant Control Method. Multi-level inverters with current-tracking are widely used in the photovoltaic grid-
Energies 2022, 15, 2557. https:// connected, active filtering and reactive power compensation of medium and high voltage
doi.org/10.3390/en15072557 power systems [1]. With the development of solar cell technology and the reduction in

its cost, the multi-level inverter structure with multiple independent DC power supply
gradually highlights the characteristics of strong economy, and the increase in the number
of levels is conducive to improve the output voltage level of the inverter [2], in line with
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The first way is to shield the faulty unit and reduce the capacity to run. This method is
suitable for cascaded inverter [9]. In order to ensure the symmetry of the three-phase output
voltage, in addition to short-circuiting the faulty unit, the non-faulty unit corresponding to
the faulty unit in the other two phases is usually also shielded [10]. Therefore, some non-
faulty units are not fully utilized, and there is a waste of hardware resources. Taking the
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seven-level cascaded inverter as an example (Mehta [11]), the output line voltage amplitude
of the inverter’s derating operation is proven, with the output current being reduced to
half of what is considered normal.

The second way is the neutral point offset method, whose essence is to inject a basic
zero-sequence voltage [12,13]. The maximum symmetrical line voltage can be obtained
by this method when only the faulty unit is bypassed, but the neutral point offset method
can easily cause low-order voltage harmonics to rise. Zhang [14] proposed a differential
compensation modulation scheme, which can not only perform the fault-tolerant operation,
but also reduce the voltage harmonics caused by neutral point offset. However, when the
load power factor is low, the injected zero-sequence voltage may cause the actual power to
backflow, causing the DC side voltage to rise, even beyond the set range.

The third way is to adjust the DC side voltage value of the inverter. Song [15], by
increasing the DC side voltage of the cascaded unit of the fault phase, concluded that the
maximum output voltage of this phase is the same as that before the fault. According to
Yousef [16], the DC side voltage of the faulty phase of the inverter is increased to 2N /(2N — 1)
times of the original voltage, which can perform the fault-tolerant operation and selectively
eliminate low-order voltage harmonics. However, this kind of fault-tolerant method is
only suitable when the DC voltage is controllable, in which case it will increase the voltage
stress of power electronic devices. For this reason, Laxman [17] and Mohsen [18] proposed
a fault-tolerant control method that combines neutral point offset and DC side voltage
adjustment, which can reduce the voltage stress of power electronic devices under fault
conditions. In this kind of methods, the increase in the DC side voltage of the inverter will
cause the change of the spatial position of the voltage vector, which makes the selection
algorithm of the voltage vector more complex.

In summary, a hysteresis SVPWM reconfigurable fault-tolerant control method for
single-phase voltage source multilevel inverter with current-tracking is proposed in this
paper. This method combines the advantages of hardware and software fault-tolerant
control methods. When power single-switch and double-switch faults occur, the method of
topology reconstruction and redundant voltage vector equivalent replacement is used to
achieve fault-tolerant control. The redundant voltage vector with the coincident position is
preferentially selected for equivalent replacement. If there is no coincident vector, the other
vectors with the closest position and effect are selected to achieve fault-tolerant control.

The study is structured as follows. After the introduction, a new topology and
hysteresis control method are proposed in Section 2. Then, most cases of failure status are
discussed in Section 3, followed by the analysis of the hysteresis SVPWM reconfigurable
fault-tolerant control method in Section 4. Finally, the correctness and effectiveness of the
method are proved by analyzing the experimental results.

2. New Type of Single-Phase Voltage Source Multilevel Inverter

Figure 1 is a single-phase seven-level voltage source inverter composed of two
independent DC power supplies and nine power switching devices. Each switch is
connected in series with a quick fuse, so that the short-circuit fault can be regarded as an
open-circuit fault for the analysis. The independent DC power supply is V1 = 2V, = 2E.
Among them, the Ts, Tg and T9 3 switching devices can use the common single-phase
bridge uncontrollable rectifier module, and the IGBT is placed on the DC side of the rectifier
bridge. The switching state and voltage space vector of the inverter are shown in Table 1.
The spatial position of the voltage vector is shown in Figure 2. The inverter has 17
switching states and voltage space vectors, which can output seven levels of 3E, 2E,
E, 0, —E, —2E, ande —3E. Under the fault state, the redundant voltage vector can be
generated through the reconstruction of the topology, which lays the foundation for the
fault-tolerant control algorithm.
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Figure 1. Topology of a novel single-phase seven-level voltage source inverter.

Table 1. Inverter switching state and voltage vector.

Switch 'V, Vv, A\ Vy Vs Vs Vy Vs Vo Vg Vyy Vo Vi3 Vi Vs Vg Vypp
T 0 0 0 0 0 1 0 1 0 0 0 0 0 1 1 1 0
T, 1 0 1 1 0 1 0 0 0 1 0 0 0 0 0 0 0
Ts 1 1 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0
Ty 0 0 0 0 0 0 1 0 0 0 1 0 1 0 1 0 1
Ts 0 0 0 1 1 0 0 0 0 0 0 0 1 1 0 0 0
Tg 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1
T, 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 1 0
Tg 0 0 1 1 0 0 0 0 0 1 1 1 1 0 0 0 1
Ty 0 1 0 0 1 0 0 1 1 0 0 1 0 1 0 1 0

uAB —-3E —-3E -—-3E -—-2E —E 0 0 0 0 0 0 0 E 2E 3E 3E 3E
3E
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Vis(T1,Ts,To)
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Vs(T3,T5,Ts) || V(T2 Ts,Ts)
2E
Vi(T2,T7,Ts) | Va(T3,Te,To)
Vi(T2,T3) -3E

Figure 2. The effect on the voltage vector when all switches are normal.

In order to simplify the algorithm, this paper selected V1, V4, Vs, Vi, V13, V14 and V5
to generate seven levels of —3E, —2E, —E, 0, E, 2E, and 3E under the non-fault state, that
is, only one inverter switching state is reserved for each level. In this case, the switching
devices Ty and T7 only participate in the work during fault-tolerant control.

As shown in Figure 3 and Formula (1), firstly, the current tracking error Aipg = i* — iap
was determined by hysteresis comparison. Additionally, then the tracking error was reduced
to within the hysteresis range by selecting the inverter voltage vector reasonably, where i*
is the reference current and isp is the actual current. The width of the third order hysteresis
loop is h, 2 h and 3 h, respectively. The voltage vector selection method in the non-fault state
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is shown in Table 2. In the fault state, the voltage vector selected by the original algorithm
needs to be equivalently replaced, that is, fault-tolerant control is performed.

3E Aipg > 3h
2E 2h < Aipp < 3h
E h < Nipg <2h
uap=14 0 —h < Aipp < h 1)

—E —2h < AiAB < —h
—2E —3h < Aipg < —2h
—3E ANiag < —3h

3E 2E|,| vector
_FI ETy | [substitution

5 | 15 EY2p]

}+
&
>

NEY

-1 ias 3h 3 A non-fault
. vector
hysteresis - state
selection

Figure 3. Block diagram of the hysteresis current tracking control method.

Table 2. Hysteresis control method in the non-fault state.

Error Vector UAB
AiAB >3h Vi5~V1i7 3E
2h<Aipg <3h Vi 2E
h<Aipg <2h Vi3 E
—h < Aipg<h Ve~V 0
—2h < ANipg<—h Vs —E
—3h < Aipg<—2h V4 —2E
AiAB <—3h V1~V3 —3E

3. Failure Status Analysis

When an open-circuit fault occurs in one or several IGBTs of the inverter, some voltage
vectors will be affected by the fault and become fault vectors. This is shown in Table 3,
where “,/” indicates that the fault has no effect on the voltage vector and “x” indicates that
it has an effect on the voltage vector, that is, the voltage vector becomes the fault vector.

Table 3. Inverter switching state and voltage vector.

Switch V; V, V3 Vy Vs Vs V; Vg Vo Vi Viir Vo Viz Vi Vis Vi Vypp
T v v v v v X v X v v v v v X X x W
Ty X v X X v X v v v X v v v v v ovV
T3 X X v v X v X v X v v v v v v ooV
Ty v v v v v v X v v v X v X v X vVoooX
Ts v v v X X v v v v v v v X X VoV
Te v X v v v v v X v X v v v v vV ooV X
T; v v X v v v v v X v X v v v vVooox Y
Tg v v X X v v v v v X X X X v VooV X
T, v ox J v x vV v x x v o/ x oy x v x

It can be seen from Table 3 that, when an open-circuit fault occurs in one of T1~Ty,
the inverter can output at least one positive level, zero level and negative level, that is,
theoretically, it is still possible to control the increase and decrease in the load current, but
the choice of voltage vectors and the number of output levels are reduced.

Figure 4 show the space distribution diagram of the inverter voltage vector under
the single-switch open-circuit fault. Among them, the red dotted line represents the fault
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vector, which needs to be replaced by the voltage vector. The black solid line represents the
non-fault vector and does not need to be replaced by the voltage vector.

e SE 3E 3E
VAT & vty VSOOI A vy VSO )
Vi(ToTe,Ts)  L2E - Viu(ToTeTy) ok Vi(Ts,Te,Ts) [\2F
H Via(Ti7F5To) Vis(T1,Ts,To) Via(T1,Ts,To)
Vis(Ta, Ts, T9)E|: Vi3(Ts,Ts,Ts) E Vi3(Ta,T5,Ts) E
VT3 Ta) ||f VBT v Te ||| VeTsT) Vs ||| VT, )
VoT5,T7T9) & Va(TiFTs) - Vo(To T, To) [ VTHTOT) vyt [ o VT, T, To)
Vi(Te,T7,Ts) ||| Vio(T2,T6,Ts) V(T T2, Ts) ||} Vio(T5T6Ts)  Viu(Ta, T2, Ts) i[| Vio(T2,Te, Ts)
Vi2(Ts,To) Vi2(Ts,To) & Vi2(Ts,To)
VAT TS | V(T T T | VAT
(TTsT) (| VT Ts Ty VAT e opqpoqy VOSTISID ) o 1ty
-2E i - |2E 22F
Vi(To,To,Ts) || Vo(T5,Te,To)  Va(T5T7Ts) 4 VT3, T, To) Vs(Tz,T7,Tx) 4 Va(TsFsT)
V(T Ts) -3E Vi(F5E5)  -3E Vi(ET3) -3E
(a)T:in fault (b)T2 in fault (¢)Tsin fault
; 3E 3E 3E
Vist D Vi6(T1,T7,To) Vis(TLTs) 4 Vis(T1,T7,To) Vis(T,Ts) Vi6(T1,T7,To)
Viu(TsTsTs)  |2E Vir(Ta,T6,Ts) L2E Vi(TiFsTs) | 2E
Viu(T1,Ts,To) iVm(Ti V14(T1,Ts,To)
Vi(TTTOE | V(T T5 T Vis(Ts,Ts, Ts)E,
Va(EssTa) || Ve(T1,T2) Vo(T5,Ta) i Ve(T1,T2) V(T3,T4) Vo(T1,T2)
Vo(T5,T7,T5) dfl (Vo(T1,Te,T9) V(T2 T7.T) 90 Va(TLTeTs)  Vo(T5,T7,To) ol Vs(TiFeTo)

V(T F#Ts) Vio(T2,Te, Ts) Vii(T4,T7,Ts) ; ; Vio(T2,Ts,Ts) Viu(T4,T7,Ts) Vio(TxFe,Ts)
Vi2(Ts, To) i Vi(Ts,To) Vi2(Ts, To)
_E| -E]: ) _E|
Vs(T5,Ts,To) || Va(T2,Ts,Ts) V(T Fs.To) éVA(Ti;TS;Tx) Vs(Ts3,T5,To) || Va(T2,Ts,Ts)
Y E 2FE ILE '
VAT, T3 T) || Vo(T5, T To) Vi(T2,T5,Ts) || Vo(T5,Te,To)  Vs(T2,T7,Ts) 4 Va(TsmeTs)
Vi(T.Ts) -3E Vi(To,Ts)  -3E Vi(T,Ts) -3E
(d)T4in fault (e)Tsin fault (HTe in fault
3E 3E 3E
Vis(T1,Ts) 4 Vio(TiF5To) Vis(Ti,Ts) 4 Vi6(T1,T7,To) Vis(To,To) Vis(TiF57To)
Vir(Ta, T, Ts) [ Q2F Vi(TaFsTs)  |2F V17(T4,Ts,Ts) ¢2E
Viu(T1,Ts,To) V14(T1,Ts,To) ! Viu(TisTsTo)
Vi3(T4,Ts, Ts)E Vi3( T 5;I8)E/; Vis(Te, Ts, To)E |
Ve(T1,T2) Vi(T3,Ts) E Vo(T1,T2) V(T3,Ta) E Vo(T1,T2)
oVs(T1,Te,Ts)  Vo(T5,T7Ts) i@l gVs(T1, T, To)  Vo(T5F5Ts) ; OVs(TiFeTo)

V(T2 T6.Ts) Viy(TiFTh) FeT) Vi(TaToTs) || Vil T2 ToTs)
Vi2(Ts,To) 9 \L Via(FsTo)
-E) -EHP -F)
Vs(T5,Ts5,To) || Va(T2,T5,Ts)  Vs(T3,Ts,To) Vs(TsiFsT8) || Va(T2,Ts,Ts)
e e “E
Vi(T5F5T5) || Vo(Ts,Te,Ts)  Va(I5F5TH) || Va(Ts,Te,Ts) VAT TRTs) | Vo TsTeTs)
Vi(T.,Ts) -3E Vi(To,T3) -3E Vi(T,T5) -3E
(g)T7 in fault (h)Ts in fault (1)To in fault

Figure 4. Influence of single-switch open-circuit faults on the voltage vector.

Figure 5 uses the T; and T, T; and Ty, T4 and Ts, and T4 and Tg faults as examples to
analyze the double-switch open-circuit fault. In the same way, other double-switch failures
can be obtained, which will not be repeated in this paper. In addition, the probability of
failure of more than three switching devices at the same time is relatively small, which will
not be discussed in this paper.
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Figure 5. Influence of double-switch open-circuit failures on the voltage vector.

4. Hysteresis SVPWM Reconfigurable Fault-Tolerant Control Method

As shown in Figure 2 and Table 3, when the voltage vector selected by the original
algorithm before the fault occurs is a non-fault vector, the voltage vector is the final output
vector of the inverter; when the selected voltage vector is a fault vector, voltage vector
replacement is required. Tables 4 and 5 show the voltage vector alternative methods for
inverter single-switch open-circuit and double-switch open-circuit faults; among them,
there are 9 types of single-switch open-circuit faults and 36 types of double-switch open-
circuit faults; “,/” means that the fault has no effect on the voltage vector and does not
need to be replaced.
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Table 4. Inverter voltage vector is represented under a single-switch open-circuit fault.
Figure Level Value and Voltage Vector

—3E —2E —E 0 E 2E 3E

T v v v vz v Vi3/Viz Viz

T, Vs V2/Vs v vy v v v

Ts V3 v V4 v v v v

T, Vv Vv Vv v Vi v Vie

Ts v Vi Vi v Vis Vis v

Ts i v v v v v v

T; vi vi vi vi v v v

Tg Vv V1/Vs Vv v Vg v v

To v v Vy v v V13/Vis v

Table 5. Inverter voltage vector is represented under a double-switch open-circuit fault.
Fault Level Value and Voltage Vector Fault Level Value and Voltage Vector

Switch 3E 2E -E 0 E 2F sg Switth  3p o F o E 2E 3E
TiandT, V, Vp/Vs /  V; / Vi/Viz Vi TzandT; V4 V4 V4 v v
TiandT; V3 v V4 Vi Vi3/Viz Viz  TzandTg NO NO NO / Vy v v
Ty and Ty Vv v v Vi NO NO NO T3 and Ty V3 Vv Vy Vv v Vi3/Vis
TiandTs v Vi Vi V; Vi Vyy Viz  TgandTs Vi Vi Vig Vi Vig
TiandTg v/ v v V7 Viz Viz TgandTe +/ Vv v v Vu Vv Vie
Tiand Ty, Vv v Voo Vi3/Viy Vi Tgand T,/ Vv v v Vi Vv Vig
Ty and Tg v Vi/Vs V;  NO NO NO T4 and Tg v Vi/Vs v Vi Vv Vig
T1 and Tg \/ \/ V4 V7 \/ V13 /V17 V17 T4 and T9 \/ \/ V4 \/ NO NO NO
T,andT3 NO NO NO Vi v vV TsandT¢ v Vi Vi Vi5 Vg5 v
Toand Ty V2 V2/Vs / Vo Vi v Vig TsandT; Vi Vi Vi5 Vi3 v
ToandTs; Vo Vo Vo V7 V5 Vg5 v Tsand Tg  +/ Vi Vi vV V5 V5 v
T,andTy, Vs Vs v V7 Vv v TsandTg / Vi Vi / Viz Vg5 v
ToandT, V2 Vo/Vs V7 v v  TeandT; v VvV VOV vi vi
To,andTg Vo Vo/Vs / V; Vi Vv v Teand Tg  / Vi/Vs / / Vpy v v
T,andTy NO NO NO V; / Vi/Vis TeandTy Vo V / Vi3/Vis
TzandT, V3 v Vi Vi v Vie TrandTg  Vi/Vs Vi v v
TsandTs V3 V3 V3 / Vi5 Vg vV TrzandTy  / vV Voo Vo Viz/Vis
Tsand Tg¢ V3 v Vi v Vv vV TgandTy Vi Vi / Viz Vi3 v

Taking the T; single-switch open-circuit fault as an example, the inverter can only
output the four levels E, —E, —2E, and —3E in the fault-tolerant operation state, and the
number of output levels changes from seven under the normal state to four kinds. The
seven voltage vectors V1, V4, V5, Vg, Vi3, V14 and V5 are selected by the original algorithm.
V1, V4, V5 and Vi3 are not affected by this fault and can be used continuously without
replacement; Vi, V14 and V5 are affected by the fault and need to be replaced. Among
them, Vg4 and V5 can be replaced by the voltage vectors V; and V7, respectively, and
the inverter output levels before and after the replacement are the same. For V4, there
is no voltage vector with the same level value that can be chosen. In order to simplify
the algorithm, the vector Vi3 or Viy with the same level direction and similar position to
replace it is selected. In other words, when h < Al <2 hand 2 h < Al <3 h, the vector V3 is
select, or when 2 h < Al < 3 hand Al > 3 h, vector V7 is select.

Taking the voltage vector selection for Ty single-switch fault tolerance as an example,
according to Table 3, the final output voltage vector replaced is shown in Formula (2). In
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the same way, the voltage vector selection for other single-switch fault tolerances can be
obtained, which are shown in Table 4.

3E Vi7
2E Vi3/Viz
E Viz
UAB = 0 % ()
“E Vs
2FE 'V,
3E

When a double-switch open-circuit fault occurs in the inverter, there are 36 double-
switch fault permutations and combinations for 9 IGBTs. The analysis shows that the
inverter can output at least one positive level, zero level and negative level under 30 kinds
of double-switch faults, and the fault-tolerant control can be performed through voltage
vector substitution. Taking the T; and T, double-switch open circuit failures as examples,
the final output voltage vector after being replaced is shown in Formula (3). In the same
way, the voltage vector selection for other double-switch fault tolerances can be obtained,
which are shown in Table 5.

3E Vyy
2E Vi3/Viy
E Vi3
UAB = 0 V7 3)
“E Vs
2E  V,/Vs
3E V,

In addition, when Tq and T4, T; and Tg, and T4 and Ty fail at the same time, the
inverter output lacks the positive level. When T, and T3, T, and Ty, and T3 and Tj fail at
the same time, the inverter output lacks the negative level. None of the above six cases
can achieve fault-tolerant control through inverter topology reconstruction and voltage
vector substitution.

In this way, based on Tables 4 and 5, the effective voltage vectors are reasonably selected
according to the current tracking error to control the rise and fall of the actual output current
of the inverter, so as to track the reference current and achieve fault-tolerant control.

Currently, the commonly used fault-tolerant control methods for multilevel inverters
usually require the switching operations of the main and spare switching devices of the
inverter. Taking the common fault-tolerant control of a cascaded multilevel inverter as an
example, when a fault occurs, it is usually necessary to cut off the faulty cascade unit, and
introduce a spare cascade unit to replace the faulty unit. In the process of the fault-tolerant
control of this paper, the main circuit topology of the inverter never changes and the
switching operation of the main and spare switching devices is not required. The switching
of the variable structure unit is completed directly by the drive signal. Therefore, there is
no need to add additional switching devices required for switching the main and spare
units. The operation is simple and the stability is high.

5. Simulation and Experiment
5.1. Simulation Analysis

In order to verify the correctness and effectiveness of the proposed method, a
simulation analysis based on the MATLAB Simulink environment was conducted. The
system parameters were as follows: the two power supply voltages on the DC side of the
inverter were 24 V and 12 V. The output reactor was 5 mH, and the resistance was 5 (). The
reference current was a sine wave with an amplitude of 4 A, and the hysteresis width h of
each order was 0.1.
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Figure 6 shows the waveforms of the single-switch open-circuit fault and double-
switch open-circuit fault. Before 0.04 s, the inverter works normally; failure was applied at
0.04 s and a fault-tolerant operation at 0.06 s. Taking the T; single-switch open-circuit fault
as an example, before 0.04 s, the inverter output seven levels and a stable current. After the
fault was applied, the inverter output level lacked the 3E, 2E, and 0 levels. Additionally,
the three levels of —E, —2E, and —3E in the negative half axis were not affected. Therefore,
the output current waveform of the positive half-axis had evident irregular changes, while
the negative half-axis waveform was almost unaffected. After 0.08 s, the inverter output
level number rose to 6 levels and the output current waveform returned to normal, and the
sine wave was good. Figure 7 shows the total harmonic distortion for the output voltage
when all switches are normal and at the T; fault. Other types of failure analysis are the
same and will not be repeated in this paper.
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Current (A)
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Current (A)
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(a)T1 in fault

0.0 0.06 0.08 0.10
Time (S)
(b)Ts in fault

Voltage (V)

2 H
g H
-
g0
2
3
=
o
i
74 3 ¥ 2 : : 7
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(c)T1 and T2 in fault (d)T4 and Ts in fault

Figure 6. Output waveforms of voltage and current.
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open-circuit fault.

5.2. Experimental Analysis

Figure 8 shows the experimental prototype. It was basically consistent with the
simulation parameters. The IGBT model of the inverter power switching device was a
BSM50GB120DN2, and the power diode adopted was the single-phase rectifier bridge
MDQ60-1600V. The driving circuit used was a Luomuyuan integrated IGBT driver module
DA962D6, and the system main control chip used a 32-bit DSP TMS320F28335. The
oscilloscope model used in the experiment was DS1052E, and the power quality analyzer
used was HIOKI PW3198.

Power Quality

DSP TMS320F28335 Analyzer

RL Load

i Power Diode

oncdi;t(;gﬁmg S IGBT Driver

Figure 8. Experimental prototype.

In the non-fault state, the inverter output voltage and current waveforms and the
corresponding current THD diagram are shown in Figure 9. It can be seen from the figure
that, when all switching devices were normal, the inverter output voltage and current
waveforms changed according to the sinusoidal law. The output voltage in this case
had 7 levels, and the output current accurately tracked the reference value. The current
harmonic distortion rate was 1.48%.

5.2.1. Single-Switch Open-Circuit Fault Analysis

We disconnected T1~Ty in the inverter one by one to simulate the state of each IGBT
when the open-circuit fault occurs. Due to many failures, single-switch failures only took
T; failures as an example.

From Figure 10, it can be seen that, when an open-circuit fault occurred in Ty, the
number of output levels changed to 4 kinds. Therefore, the output current waveform had
evident irregular changes. In this case, the current distortion rate was as high as 52.5%.

From the T; fault-tolerant operation waveform in Figure 11, it can be observed that
the inverter output level number rose to six levels after the redundant voltage vector was
replaced. The output current waveform returned to normal, and the sine was good. The
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harmonic distortion rate of the current under fault-tolerant operation was 1.53%, which is
slightly higher than that in the non-fault state.
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Figure 9. Experimental output waveforms when all switches are normal. (a) Voltage and current;
(b) Current THD.
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Figure 10. Experimental output waveforms at the Ty fault. (a) Voltage and current; (b) Current THD.
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Figure 11. Experimental output waveforms at the T; fault tolerance. (a) Voltage and current;
(b) Current THD.

Similarly, the situation of T5 fault tolerance was obtained and is shown in Figure 12. In
this case, the harmonic distortion rate of the output current was 1.72%. Other single-switch
open circuit faults are not repeated in this paper.
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Figure 12. Experimental output waveforms at the T5 fault tolerance. (a) Voltage and current;
(b) Current THD.

From the above analysis, it can be concluded that the inverter output current accurately
tracks the reference current by using the fault-tolerant control method based on voltage
vector substitution when the single switch has an open-circuit fault. The total harmonic
distortion rate of the current was higher than before the fault. The increase in current
tracking error was caused by the inverter output level error during the voltage vector

substitution process.
5.2.2. Double-Switch Open-Circuit Fault Analysis

The double-switch fault takes the case of the T; and T, faults occurring at the same
time as an example, and the fault waveform is shown in Figure 13.

40 T L]

Voltage/V
s 8

[\
S

I
S

N A

Current/A
Ao

'
(=2}

0 10 20 30 40 50 60
Time/ms

Figure 13. Experimental output waveforms for simultaneous T; and T, failures.

When T; and T, fail at the same time, the number of output levels of the inverter was
reduced from 7 to 2 types. Because most of the output levels were lost, the inverter could
not track the reference current normally. The output voltage and current also had evident
irregular changes.

The output voltage, current and distortion rate of the inverter after the fault-tolerant
control of the double-switch fault are shown in Figure 14. It can be seen from the figure
that, after the fault-tolerant control, the output current of the inverter returned to normal.
The sine was better, and the harmonic distortion rate of the current was 1.59%. Similarly,
Figure 15 shows the fault-tolerant waveform when the T4 and Ts double-switch have

open-circuit faults at the same time. In this case, the sine of the output current was better,
and the current harmonic distortion rate was 1.63%.
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Figure 14. Experimental output waveforms of the T; and T, simultaneous faults after fault tolerance.
(a) Voltage and current; (b) Current THD.
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Figure 15. Experimental output waveforms of the T4 and T5 simultaneous faults after fault tolerance.
(a) Voltage and current; (b) Current THD.

Above all, the fault-tolerant control method can ensure that the inverter output current
tracks the reference current more accurately when the double-switch open-circuit fault
occurs at the same time. The current harmonic distortion rate is slightly higher than before
the fault.

In summary, when the inverter has a single-switch or double-switch open-circuit fault,
the fault-tolerant control method can ensure that the inverter tracks the reference current
more accurately, that is, to ensure the system continues to operate stably.

6. Conclusions

A method of hysteresis SVPWM reconfigurable fault-tolerant control for single-phase
voltage source multilevel inverter with current tracking is proposed. It not only has the
characteristics of the rapid response of hysteresis control, but also retains the advantages
of the high efficiency of SVPWM. Based on the reconstruction of the inverter topology,
fault-tolerant control was achieved by using redundant voltage vector substitution. The
experimental results prove that this method can ensure the continuous operation of the
inverter under the condition of single-switch and most double-switch open-circuit faults,
and can accurately track the reference current value. In this method, the inverter is directly
controlled by driving the signal to carry out variable structure operations; it does not require
switching the operations of the main and spare switching device units of the inverter. It can
save additional switching devices required in the switching process and has the advantages
of having a simple operation and high stability.
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