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Abstract: Three-level NPC inverters have been widely used in grid-connected systems due to their
superior performance compared with two-level inverters, but more switches lead to high fault
probability. Meanwhile, the neutral point potential (NPP) fluctuation of the DC link is an inherent
problem of three-level NPC inverters. To keep the three-level NPC inverter running stably after
single-arm failure, a fault-tolerant control strategy based on an optimised space vector pulse width
modulation (SVPWM) is proposed in this paper. Firstly, the common-mode voltage (CMV) of the
postfault three-level NPC inverter is analysed and then the preliminary synthesis principles of the
reference voltage vector are determined. Then, in order to ensure the NPP balance and the quality of
the grid-connected currents, the reference voltage vector synthesis rules are optimised, a low-pass
filter (LPF) and a hysteresis comparator are designed, respectively, to ensure the quality of grid-
connected currents and effectively decrease the DC link NPP deviation. Finally, the simulation results
show that the proposed fault-tolerant control strategy can realize the stable and reliable operation of
the grid-connected three-level NPC inverter after single-arm failure, and the CMV can be reduced
significantly, the quality of grid-connected currents is also improved. The proposed fault-tolerant
strategy also shows good performance when the grid-connected currents change.

Keywords: NPC inverter; fault-tolerant control; neutral point potential (NPP) fluctuation; SVPWM
optimisation compensation; low pass filter; hysteresis comparator

1. Introduction

The three-phase three-level neutral point clamped (NPC) grid-connected inverters
can simplify the design of filter because their outputs are close to sine waves compared
with the two-level inverters. Therefore, they have been widely used in grid-connected
systems [1,2]. However, the failure probability of the three-level NPC inverters increases
with the multiplied number of power semiconductor devices [3-5]. To ensure sustainable
operation of the three-level NPC grid-connected inverters when there is a short-circuit or
open-circuit on the bridge arm of a certain phase, it is crucial to conduct thorough research
on grid-connected control of the inverters after single-arm failure.

When the single-arm of inverter is failure, fault-tolerant control proves to be an
efficient method to ensure uninterrupted operation of the system. In the case of three-
level NPC inverters, common fault-tolerant topologies include three-phase four-bridge
arm fault-tolerant topologies [6,7], switching redundancy topologies [8,9], ANPC fault-
tolerant topologies [10,11], and eight-switch three-phase fault-tolerant topologies [12,13],
etc. In this paper, considering the cost, volume and control complexity, the eight-switch
three-phase inverters (ESTPIS) are the topology for postfault three-phase three-level NPC
grid-connected inverters.

For three-level NPC grid-connected inverters, the fluctuation of neutral point potential
(NPP) can be a source of concern. This problem will not only increase the content of
low-order harmonics in grid-connected currents, but also cause distortion in the inverter’s
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output voltage and create additional stress on the switch. When the NPP fluctuation is
particularly severe, it can even impact the lifespan of DC-link capacitors, as noted in [14].
As a result, ESTPI as the fault-tolerant topology still has the issue of NPP fluctuation. For
three-level NPC inverters, the virtual voltage vector pulse width modulation technique
(VSVPWM) is utilized to synthesize the virtual vector to restrain the fluctuation of the
NPP. In [15,16], the distribution coefficients of each basic vector in the virtual vector are
recalculated to suppress the fluctuation of the NPP. However, the space voltage vectors
of ESTPI no longer contain redundant voltage vectors [17], therefore the multi-vector
method of suppressing NPP fluctuation is limited. It is also possible to control the NPP
by setting the cost function through model predictive control, but there are challenges in
selecting the NPP error weight factor, the filtering complexity, and high sampling frequency
requirements [18,19]. For ESTPI, the space vector pulse width modulation (SVPWM)
technology can be used to control the NPP. In [20], the control effect of two different
SVPWM strategies on NPP is analysed under different voltage vector selections. In [21],
the SVPWM avoids using the voltage vectors with high CMV and reduces the CMV while
suppressing NPP fluctuation. In [22], due to the lack of redundant vectors, a proportional
moving average filter controller is used to extract the DC component of the neutral voltage
to modify the duty cycle of the basic voltage vector and achieve the balance of the NPP. As
described above, the traditional SVPWM must be improved to suppress the NPP fluctuation
of the ESTPI. Hence, this study focuses on fault-tolerant control of three-level NPC inverters
after single-arm failure based on SVPWM. The research examines the mechanism of NPP
fluctuation of DC-link bus capacitors after a single-arm failure, optimises space vector
modulation to decrease the common-mode voltage (CMV) and adequately compensates
for the distortion of the grid-connected currents caused by NPP fluctuation.

In summary, this paper analyses the fault-tolerant control based on space vector
modulation technology for the ESTPI. Firstly, the research selects a vector synthesis order
rule to minimise the CMV. Moreover, the mechanism of NPP fluctuation is analysed and a
compensation value for the reference voltage vector synthesis link is designed through a
low-pass filter and hysteresis controller. Thus, the quality of the grid-connected currents of
ESTPI is improved. Finally, the effectiveness of the proposed control strategy is verified
by simulation.

2. ESTPI Fault Topology and Mechanism of NPP Fluctuation
2.1. The Space Voltage Vector of ESTPI Topology

This work discusses the fault-tolerant topology of three-level NPC inverters, which is
shown in Figure 1. The system comprises a DC-link voltage (V4.), as well as two capacitors
Cy and G, whose voltages are 1, and u,, respectively. Point O denotes the neutral point
of the DC bus, and iy, i), and i, are the output currents of three-level NPC inverters. For
three-level NPC inverters, there are four power semiconductor devices (Sx1, Sx2, Sx3, Sx4),
two clamped diodes, a bidirectional thyristor (T1, T», T3) and two fast-acting fuses (FU) on
each phase bridge arm.

Due to the three-phase symmetry, only phase A faults are analysed as an example. As
shown in Figure 1, when phase A fails, the fast-acting fuse on phase A is disconnected, and
the bidirectional thyristor on phase A is activated, thus, the output current of phase A is the
NP current of the DC bus. The other two normal arms of ESTPI have three states, including
P, O, and N. The switching function is defined as follows:

1(P),Sx1, SxZ on, Sx3/ Sx4 Off
Sy =14 0(0),Sx2,Sx301m,5¢1,Sy0f f (x =a,b,¢) 1)
_1(N)rsx3/ Sx4 on, lelsxz Off
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Figure 1. Fault-tolerant topology of three-level NPC inverter.

Due to phase A failure, it can only output O state. The operating modes of the three-
phase three-level NPC inverters have 27 combinations, the failure of phase A restricts it to
only nine combinations, as shown in Figure 2. In Figure 2b, the ESTPI topology space vector
diagram can be divided into six sectors, labelled as I to VI. Sectors Il and V contain medium
voltage vectors that can be further divided into two subsectors. The overall space voltage
vector distribution still satisfies the synthesis conditions of the reference voltage vector.

I I

NPN OPN PPN OPN
I
I NPO PON oro OON
NO ON
1 I
OoP 7 00
NPP NO ; o PNN ‘ OPP ONN
Phase A fault I\ I
NOP PNO
00 ONO
v NN NO Vi
NNP ONP PNP 01‘\}1’
\'
(@) (b)

Figure 2. The space voltage vector distribution: (a) The space voltage vector distribution of a
three-level NPC inverter; (b) The space voltage vector distribution of ESTPI.

Due to the change in space voltage vector distribution, there are only nine available
vectors to ensure the operation of ESTP], the reference voltage synthesis method must be
redesigned. To minimize the low-frequency oscillation caused by the CMYV, it is necessary
to analyse the CMV generated by each voltage vector.

The output voltage of the ESTPI can be obtained as follows:

Ugo = 0
V,

Upy = Sp X 4 2)
Va

uco:ScXTC

where S, S are defined by Formula (1). The CMV is expressed as follows:
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ey = a0 Mbo T teo ué’o e (3)

From Formulas (1)-(3), the CMV of each basic voltage vector is shown in Table 1.

Table 1. The CMV corresponds to the space vectors.

Voltage Vector Type Voltage Vector Common-Mode Voltage
Zero voltage vector 000 0
orP Vi /3
Small voltage vectors OP%l,\Tg oP _VZZC//:
OON, ONO —Vic/6
Medium voltage vectors OPN, ONP 0

As indicated in Table 1, small voltage vectors will generate the CMV, and the CMV of
zero voltage vector and medium voltage vectors are zero. Traditional SVPWM relies solely
on small voltage vectors to synthesize reference voltage vectors for ESTPI, so the CMV is
great. In this paper, the medium voltage vectors in sectors Il and V are incorporated into
the synthesis of reference voltage vectors to reduce CMV. This approach of introducing
medium voltage vectors effectively reduces the proportion of the small voltage vectors in
the reference voltage vector synthesis, ultimately leading to the decrease in CMV.

In order to optimize computational efficiency, the synthesis of the reference voltage
vector and the calculation of the duration time of the voltage vector are executed within
the 60° (g-h) coordinate systems. In sector I, the duration time can be computed by the
following means.

In Figure 3, Vs is the reference voltage vector synthesized by Vo, V1, and V3, a; is
the equivalent vector of V; with duration ¢, in one modulation cycle. b; is the equivalent
vector of V; with duration #; in one modulation cycle. The modulation index is defined
as follows:

3xV,
L V3X Vir @
Vdc

(Val/3,0)
Vi

Figure 3. Synthesis of V,, in Sector L.

»
>

Vo b1

The vector duration time #; and #, can be obtained as follows:

bl = V1 X %

= 2TsV,pf X sin(F — 6
Vi="Vie/3 LTl a2V V(3 ) ~ onTsin(% —0) )
a =V, xsin(§ —0) 1%} V1 x cos (%) V3 x Y

a/by = cos(%)



Energies 2023, 16, 7863 50f 16
ap =V x %
Vo, =YV, T bT. 2TsV,.r X sin(6
2=Vae/3 oy, ok SIS M R ©) _ o sin(6) ©)
b = Vs x sin(6) VoV, xsin(%) V3 x Y

b/ay =sin(5)

The calculation of the vector duration time of other sectors is similar. The vector
duration time and the synthesis rules for reference voltage are shown in Tables 2 and 3.

Table 2. Vector duration time and corresponding NP current.

N n t1 (s) Vector V; i1 (A) tr (s) Vector V, i02 (A)
I / 2mTssin(rt/3 — 6) ONN il 2mTssin(6) OON —ijc
I 1 2+/3mTs cos(6) OON —i) —2mTssin(rt/3 — 6) OPN i
I 2 —2+/3mT;, cos(6) OPO —ig, 2mTssin(rt/3 + ) OPN i
III / 2mTssin(0) OPO —ip —2mTssin(mt/3 + 6) OPP i
v / —2mTssin(t/3 — 0) OPP il —2mTssin(0) OOP —ijc
\Y 1 —2+/3mT; cos(6) oopP —ij 2mTssin(rt/3 — ) ONP i
\ 2 2+/3mTs cos(6) ONO —ip, —2mTssin(rt/3 + 6) ONP i
VI / —2mTssin(0) ONO —ip 2mTssin(7t/3 + 6) ONN i

N, n, Ts, and m represent the large sector in the basic voltage vector diagram, the subsector within the large sector,
the modulation period, and the modulation index. The maximum linear modulation range corresponds to m = 1.
In this paper, m = V/3Viet/ Vie, Vet is the reference voltage produced by the grid-connected controller, and V4. is
the DC bus voltage. #; and f; are the duration of vectors V1 and V5, respectively. iy and iy are the corresponding
NP currents with V1 and V), respectively, and the current flowing out of the NP is considered to be in the positive
direction. The reference voltage vector can be synthesized with V', V', and the zero vector (V). The duration
time of Vyisty=Tg — t; — to.

Table 3. Vector sequences of the SVPWM strategy.

N N Vector Sequences

I / OOO-OON-ONN-OON-OO0O Vo-V-V1-V5-Vy
I 1 OO00-OON-OPN-OON-OOO Vo-V1-V-V1-Vy
II 2 O00O-OPO-OPN-OPO-O00 Vo-V1-V2-V1-Vy
I / OOO-0OPO-OPP-OPO-O00 Vo-V1-V2-V1-Vy
v / 0O00-0O0P-OPP-OOP-O00 Vo-Vp-V1-V,-V
\% 1 O00O-O0P-ONP-OOP-O00 Vo-V1-V-V1-Vy
\% 2 OOO-ONO-ONP-ONO-O00 Vo-V1-V2-V1-Vy
VI / OO00O-ONO-ONN-ONO-OO0O Vo-V1-V-V1-Vy

2.2. The NPP Fluctuant Mechanism of DC Bus

According to Tables 2 and 3, it is possible to obtain synthesis rules for the reference
voltage vector. Therefore, the NP current during one fundamental period can be analysed.
Assuming three-phase symmetry,

ijq = Iy cos(0 — @)

iy = I cos(6 — ¢ — 3) 7)

ite = Iy cos( — ¢ + 2¢)
where i, iy, and i, are the output current of ESTPI, In, and ¢ denotes the amplitude of the
phase current and the power factor angle, respectively. Due to the modulation period being
short, it is assumed that the current remains constant in a modulation period. Moreover,
since the NP current is not affected by the zero voltage vector, the NP current during each
modulation period can be represented by the NP current with V; and V. The principle of
area equivalence is expressed as follows:

iop X Ts = i1 Xt +igp X 1 (8)
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where i,, Ts are the NP current of the DC bus and the modulation period, respectively. io1,
ipy are the corresponding NP current with V; and V. t4, tp are the duration time of V; and
V5, respectively. iy1, ip2, t1 and t, can be obtained in Table 2.

Combine Table 2, Formulas (7) and (8), the NP current of the DC bus is expressed
as follows:
V3mlycosp  0<6 < Z,(SectorI)
mly,[2sin(20 — @) —sin(@)] 5 <6< 72T, (Sector II)
mlyu[2sin(20 — @) —sin(g)] Z <0 < 2, (Sector II)
, —+/3mI,, cos(¢) o<, (Sector IIT)
o = 47-( (9)
—+/3mI,, cos(¢) <0 <=, (Sector IV)
—mly[2sin(20 — @) —sin(¢)] % < 6 < 3%, (Sector V)
—mIy[2sin(20 — ¢) — sin(¢)] 7” <0< 53”, (Sector V)
V/3mIy, cos(¢) 57" < 0 < 27, (Sector VI)

Formula (9) shows that the NP current has half-wave symmetry, thatis i, (6) = —i,(6 + 7).
This means that the average value of NP current is zero during one fundamental cycle, and
the NPP of the DC bus can remain balance. Further, by using Fourier decomposition on
Formula (9) can obtain:

ap = 0
mly+/16+384 cos?(¢)
ar = 3
a =0 (10)
a3 = 8\[17113,,;:05(40)

where 7y, a1, a3, and a3 correspond to the DC component, the fundamental component,
the second harmonic component, and the third harmonic component, respectively. As
shown in Formula (10), the NP current only contains odd harmonic waves. Thus, the NPP
variation can be succinctly expressed as follows:

Au (”p_un) _ fiudt
Vie = 7 2V - Vi x2C

2mly /1424 cos?(p) . *® A, (11)
- M PR infot — )+ E_ ol sin(nat = )

where Au = (4 ;u") is the NPP fluctuation of the DC bus, and {,, (n=3,5,7 . ..) is the initial
phase of the NPP corresponding to the nth harmonic current. C is the DC-link capacitance,
and A, is the nth harmonic current component. Combined with Formulas (9) and (11),
under the condition of ESTP]I, it can be seen that the NPP of the DC bus fluctuates with the
fundamental wave frequency. The fluctuation primarily stems from the capacitance of the
DC-link capacitor, as well as the amplitude and phase of the grid-connected currents, and
modulation depth.

3. SVPWM Compensation and Optimization
3.1. SVPWM Compensation Strategy Considering NPP Fluctuation

By analysing the output level status of the ESTPI, the ESTPI output voltage considering
the fluctuation of the NPP can be obtained as follows:

Ugo =0
ubozsth+\Sb|xAu (12)
Uco = Sc X & + |S¢| X Au

=
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where, 1,0, tp,, and 1, are the ESTPI output voltages of phases A, B, and C, respectively.
Au is the NPP fluctuation of the DC bus. Therefore, the space voltage vector is expressed
as follows:

2 , ‘
Us = 3 (um, + uboe]%" + ucoe*]%”) (13)

The basic voltage vectors coordinate considering NPP fluctuation can be obtained by
combining Formulas (1), (12) and (13), as shown in Table 4.

Table 4. Coordinate of basic voltage vector considering NPP fluctuation (- coordinate systems).

Voltage Vector Coordinate Voltage Vector Coordinate
Vie—2Au Vie+2Au
VONN (%, 0) VOPP (, dT/ 0)
Voon Vae=20u  V3(Vae—2Au) Voop (_ Viet28u _ V/3(Va+28u)
6 7 6 6 6
281 V3Vy 281 _ V3V
Vorn (7TTA) Vone (*Tf*Td)
Voro (_ Vic+2Au \/g(VchrZAlt)) Vono <_ Vie—20u \/§(V,1572Au))
6 4 6 6 ’ 6

As can be seen in Table 4 and Figure 4, it is clear that the NPP fluctuation will
result in an uneven distribution of space voltage vectors, which will cause imbalances of
ESTPI output. This will affect the grid-connected power quality and narrow the linear
modulation area, and the NPP fluctuation is an inherent phenomenon. Unfortunately, there
are no redundant vectors available for NPP control in ESTPI. Imbalance of ESTPI output
is inevitable.

ONP ONP
v A% \
(a) (b) (c)

Figure 4. The basic voltage vector distribution of ESTPL: (a) up = uy; (b) p > y; (€) up < tiy.

It is obvious that the NPP fluctuation of the DC bus will change the distribution of
basic voltage vectors. If the method in Table 2 is still used to synthesize the reference voltage
vector, the grid-connected power quality will deteriorate. At the same time, choosing the
DC-link capacitor’s capacity according to the lowest limitation is a common cost-saving
measure in practical industrial applications, which will worsen the fluctuation of NPP and
further deteriorate the power quality. Therefore, it is necessary to consider the impact of
NPP fluctuation on the synthesis of the reference voltage vector. Based on the volt-second
balancing principle, the reference voltage vector synthesis should be compensated when
the NPP fluctuates.

The duration time of the fundamental vector is recalculated considering NPP fluc-
tuation. The calculation method remains the same as presented in Formulas (5) and (6),
with the exception that the vector coordinates need to incorporate variations in NPP. The
reference voltage vector synthesis rules are outlined in Table 5.
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Table 5. Vector duration time and corresponding NP current after compensation.

N n t1 (s) Vector V1 51 (A) ty (s) Vector Vo i3 (A)

I /  2mTgsin(n/3 — 0)/(1 — 2Au/ V) ONN i 2mTssin(0) /(1 — 2Au/Vy,) OON —ije
2mTssin(rt/3 + 0)/(1 — 2Au/Vy.) + » B . _ .

I 1 2mTesin(rt/3 — 6)/(1 + 281/ V) OON ije 2mTssin(n/3 — 0)/(1 + 2Au/Vy,) OPN i
—2mTssin(rt/3 — 60)/(1 + 2Au/Vy,) . . B .

I 2 o Tasin(t/3 + )/ (1 — 201/ Vi) orO i 2mTssin(rt/3 + 0) /(1 — 2Au/ V) OPN i

1 / 2mTssin(60)/ (1 + 2Au/Vy) OPO —ij —2mTssin(rt/3 + 0)/(1 +2Au/Vy.) OPP i

IV / —2mTssin(r/3 — 6)/(1 + 2Au/Vy,) OPP i —2mTssin(0) /(1 — 2Au/V ) ooP —ije
—2mTssin(rt/3 + 0) /(1 + 2Au/ V) — » . ! _ .

VvV 1 omTsin(rt/3 — 0)/(1 — 2Au/ V) oor i 2mTssin(rt/3-0)/(1 — 2Au/V4.) ONP i
2mTssin(rt/3 — 0) /(1 — 2Au/ V) + . B . .

\Y 2 Tsin(rr/3 + 6)/ (1 + 280/ Vy.) ONO iy 2mTssin(rt/3 + 60) /(1 + 2Au/Vy,) ONP i1

VI / —2mTssin(0) /(1 — 2Au/Vy.) ONO —ij 2mTssin(mt/3 + 60)/(1 — 2Au/Vy) ONN i

Dc-link capacitors
voltage /V

Three-phase grid-
connected current /A

To examine the compensation effect of reference voltage vector synthesis considering the
NPP fluctuation, the grid-connected currents and voltages of the DC-link capacitors are tested.
The main circuit parameters are shown in Table 6, with the grid-connected currents at 6A and
the capacitances of the DC-link are 820 pF. The simulation results are illustrated in Figure 5.

Table 6. Parameters of the inverter.

DC bus voltage (V) 400 V
Grid voltage (U, p, ) 380V
DC-link capacitance (C1, C2) 820/2200 uF
Bridge arm side filter inductance (Lc) 24 mH
The capacitance of filter (C) 10 uF
Grid-side filter inductance (Lg) 0.6 mH
Frequency of sampling (f) 15 kHz

AN

w0l NS

Dc-link capacitors
voltage /V

Three-phase grid-
connected current /A

Figure 5. DC bus capacitor voltage and grid-connection currents. (a) Uncompensated (synthesis rules
in Table 2); (b) Considering the NPP fluctuation (synthesis rules in Table 5). The dashed lines are the
linear modulation region border.

As shown in Figure 5a, if the NPP fluctuation is not considered in the synthesis of the
reference voltage vector, the NPP fluctuation can remain balanced, but the distortion of the
grid-connected currents is severe. As shown in Figure 5b, when NPP fluctuation is taken into
account in the synthesis of the reference voltage vector, the grid-connected currents have good
sine waves at the beginning, but the NPP gradually deviates from the equilibrium point until
exceeding the linear modulation region. Then, the reference voltage vector no longer satisfies
the principle of volt-second balancing and results in a serious distortion of the grid-connected
currents. In summary, considering the NPP fluctuation can improve the quality of three-phase
grid-connected currents at the beginning, but NPP will still deviate from the equilibrium point.
Thus, it is necessary to investigate the reasons for the NPP fluctuation increasing and optimize
the compensation of the space vector modulation.
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3.2. Optimization of SVPWM

To ensure the inverter is still running and providing power to the grid after the single
bridge arm fault, it is necessary to find the reasons for the NPP’s significant fluctuation,
then design the effective control strategy. Combine Table 5, Formulas (5) and (6), and the
NP current of the DC bus with NPP fluctuation can be expressed as Formula (14):

V/3mly cos ¢
A-2Au/Vy,)

0<6 < %,(Sector)

Ky % (—Iycos(0 — ¢+ 2F) — L COS(QG?;A?;;ZV/%G) 5 <0 < 7, (Sector II)
Ko X (—Ipcos(0 — ¢ — ) + i Cos(ga(ﬂ)zzin;\sfi;gn/BJrG) 2 <0<, (Sector II)
% ZT” < 0 < 7, (Sector III) 14)
%m 7 <0 < 2, (Sector IV)
Ksp x (—Incos(0 — ¢ + %) + Lo COS(Q&@;AZMH};:SHB*G) 4 <0< 3, (Sector V)
Ksp X (—Incos( — ¢ — 2%) — Cos(gaﬁ)ZXAi’?fj;g”/BJre) I <O < °F, (Sector V)
% 57” < 6 < 27, (Sector VI)
where, K»1, K»», K51, K5y are defined as Formula (15).
Ky =2msin(rt/3+6)/(1 —2Au/Vy.) +2msin(rt/3 —0) /(1 +2Au/Vy,)
Koy = —2msin(rt/3 —6) /(1 +2Au/ V) — 2msin(rt/3+6) /(1 — 2Au/Vy,) (15)

K51 = —2msin(t/3+6)/(1+2Au/Vy.) —2msin(t/3 —0) /(1 —2Au/Vy,)
Ksy =2msin(mt/3 —0)/(1 —2Au/Vy.) +2msin(rt/3+6) /(1 +2Au/Vy,)

Comparing Formulas (9) and (14), it is evident that the addition of compensation (Au/ V)
causes the NP current to no longer satisfy the half-wave symmetry in Formula (14). Therefore,
the NPP of the DC bus deviates from the equilibrium point. To maintain Formula (14) to
satisfy i,(0) + i, (0 + 7r) = 0, the following relationship should be maintained, as shown in
Formula (16):

Au(0)/ Ve +ADu(0+ )/ Vye =0 (16)

For Equation (16) to hold true, the voltage deviation of the DC link (Au) should
not contain the DC component. Thus, the space vector modulation of adding the NPP
fluctuation should be further refined.

To eliminate the DC component of Au, the DC component should be extracted first.
A first-order low-pass filter is designed to obtain the DC component in this work. In the
s-domain, the first-order low-pass filter can be expressed as follows:

1

G(S) 1 +s/we

where w is its cutoff frequency. According to Formula (11), it can be seen that the main
AC component in the NPP fluctuation of the DC bus is the fundamental component
with an angular frequency of approximately 314 rad/s. To extract the DC component,
the cutoff frequency of the low-pass filter must be lower than the fundamental angular
frequency. According to low-pass filter phase-frequency characteristics, when the signal
passes through the filter, a large phase shift will be generated at a lower cutoff frequency,
which will affect the filtering accuracy of the DC component. In this paper, the cutoff
frequency is selected as 80 rad/s.

To prevent the DC bus NPP from deviating too much from the equilibrium point, a hys-
teresis comparator is designed to further adjust the space vector modulation compensation.
The NP current is obtained by Formula (18):

P V/3ml,, cos @/ (1 —2Au/Vy.) sectorl, VI
* 7\ —VBmly cos ¢/ (14 2Au/Vy,) sector ITI, TV

According to Formula (18), in sector I, I1I, IV, and VI, if the value of the grid-connection
system parameters (I,; and ¢) is determined, V/3ml,, cos @ can be considered as a constant,

(17)

(18)
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and cosg is greater than or equal to 0 within a range of ¢ between —90° and 90°. According
to Formulas (11) and (18), NPP fluctuation can be controlled by adjusting the compensation
value of the reference voltage vector synthesis in sectors I, III, IV and VI. However, it is
important to note that the modulation can be considered as a proportional link throughout
the entire grid-connected control, and V, is the output of the grid-connected controller
that converts into the switch driver signal via space vector modulation. Consequently, the
hysteresis comparator is designed to adjust the compensation value, only when the NPP of
the DC bus contains the DC component and deviates large enough from the equilibrium
point, the hysteresis comparator will compensate the voltage vector. The compensation
value in Formula (18) is adjusted to prevent the NPP of the DC bus from deviating from
the equilibrium point, achieving the synthesis of the reference voltage vector lying in the
linear modulation region.

Given 0.5umax < Au < Umax, the output of the hysteresis comparator should be
a suitable value that can compensate for the NPP fluctuation, otherwise O, i,y is the
maximum allowable voltage of NPP fluctuation in the linear modulation area. Since the
DC component increases as the NPP deviates from the equilibrium point, the output of the
hysteresis comparator also increases, and more robust control of the NPP of the DC bus can
be realised. Therefore, the output of the hysteresis comparator can be designed according
to the DC component of NPP fluctuation, which can be represented as follows:

T = —K x sgn(Ap)sector I, III, IV, VI (19)

where, K = | Ag 1 +1, Ag is the DC component of NPP fluctuation.
In conclusion, the optimised compensation value is shown in Formula (20):
, Up — Up
Au:Au—Ao—i-T:T—AO—I—T (20)
Based on the above analysis, a fault-tolerant control strategy with SVPWM compensa-
tion optimisation is constructed, as shown in Figure 6.
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y 4 ratio of 100:380
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with Formula(17) !‘ , 0 ! 2 U Us
Ao [ Compensation | &% Calculate the vector| Us v -
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£} . T (Table 4)

Figure 6. Fault-tolerant control with SVPWM compensation optimisation.
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4. Simulation and Results Analysis

To verify the effect of the fault-tolerant control strategy proposed in this paper, a three-
level NPC grid-connected inverter experimental device is simulated and analysed using
MATLAB/Simulink. The topology of postfault three-phase three-level NPC grid-connected
inverters is shown in Figure 7. The LCL filter in the rear stage of the inverter connects to
the power grid through the autotransformer and isolation transformer. The ratio of the
autotransformer is 100:380. The main parameters of the inverter are shown in Table 6.

Normal phase

Fault phase

Autotransformer with

Via——

ratio of 100:380

Lg

) |
| o)

~
=

gr g

| =8 =0

=
B

o

Lg

o) 9|

L/
'
5

Figure 7. The inverter topology in simulation (Phase A failure).

To verify the effectiveness of the proposed strategy, the simulation is carried out as
follows. The system runs with the control strategy of considering NPP fluctuation not
extracting the DC component at the beginning, and NPP will deviate from the balance.
When NPP exceeds the linear modulation region, the grid-connection current will distort
severely. At this time, the proposed strategy is applied to the system to confirm the
suppression effect on the NPP fluctuation. In this way, the grid-connected currents are
compared between the traditional SVPWM and our proposed optimized strategy. To verify
the performance when the load changes, the simulation is carried out with a grid-connected
current step from 6A to 12A. Finally, the improvement in CMV is verified by comparing
the proposed method with the traditional SVPWM method.

4.1. The Compensation Optimization Strategy Control Effect

Firstly, the correctness of the fault-tolerant control strategy proposed is verified. The
grid-connection currents are 6A and the capacitances of DC-link are 820 uF. To evaluate the
compensation optimisation strategy, the grid-connected currents and DC-link capacitors’
voltage are tested, respectively. Figure 8 displays the simulation results.

In Figure 8a, iga, igb/ and ig are the three-phase grid-connected currents. If the SVPWM
is not optimised, the grid-connected currents experience significant distortion over time
due to the DC bus NPP deviating from the equilibrium point. Even if the sine waves of
grid-connected currents are good at first, they will distort when V¢ exceeds the linear
modulation range. However, by implementing the SVPWM compensation optimisation
strategy at 0.3 s, the NPP of the DC bus can be effectively controlled. The NPP and grid-
connected currents tend to be stable at 0.39 s. The dynamic processing is less than 0.1 s and
the quality of grid-connected currents have noticeable improvement.
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Figure 8. Control effect of the SVPWM compensation optimisation strategy: (a) The dynamic

@)

adjustment process; (b) The output of the hysteresis comparator.

Figure 8b shows the increase output of the hysteresis comparator with the increasing of
NPP deviation. When the SVPWM compensation optimisation strategy is applied at 0.3 s, the

respectively. The

7

A/ 9808
s1opoedes yur-oQq

capacitances of 820 uF and 2200 pF are tested
simulation involved both traditional SVPWM and the proposed SVPWM compensation

optimisation strategy, and the results are shown in Figure 9.

According to Formula (11), there is a correlation between NPP fluctuation and the DC

reference voltage vector is in sector V this moment. The output of hysteresis comparator is
bus’s capacitance. To verify the control ability of the fault-tolerant control strategy with

zero and has no effect on the control loop. When the reference voltage vector changes to sector
VI, the NPP decreases rapidly due to the proposed strategy, then the output of the hysteresis

comparator returns to zero when the NPP deviation is less than 20 V.
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Figure 9. Fault-tolerant control results with different capacitances of the DC capacitor: (a) DC bus

(a)

As shown in Figure 9, as the capacitance increases from 820 uF to 2200 pF, the voltage

fluctuation of the DC bus capacitor and the distortion of the grid-connected currents

capacitance 820 pF; (b) DC bus capacitance 2200 uF.

decrease. The currents behave distortion significantly with traditional SVPWM, especially
when the capacitance is small (820 pF). At 0.25 s, the SVPWM compensation optimisation

and the degree of grid-connected current

strategy is applied in both capacitance cases,

link capacitance is 820 puF, the
connected currents before and after the

SVPWM compensation optimisation strategy are shown in Figure 10.

distortion gets improvement drastically. When the DC
total harmonic content analysis (THD) of the grid

As shown in Figure 10, when the DC-link capacitances are 820 uF, we can see a

-connected currents from 10.41% to 2.03%

by implementing the SVPWM compensation optimisation strategy. This improvement

remarkable reduction in the THD of the grid

the DC-link are small, the compensation optimisation strategy can effectively compensate

for grid connection (THD < 5%). These findings indicate that even when the capacitances of
the grid-connected currents, the hardware costs and volume can be reduced.

significantly enhances the quality of the grid-connected currents, meeting the requirement
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Figure 10. THD analysis of grid-connected currents (C1 = C2 = 820 uF): (a) Traditional SVPWM
strategy; (b) SVPWM compensation optimisation strategy.
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To further validate the efficacy of the compensation optimization strategy when the
grid-connected power changes, the simulations are carried out with the amplitude of
grid-connected currents varying from 6 A to 12 A. As shown in Figure 11, when the grid-
connected currents increase, the NPP fluctuation also increases, which is consistent with
the theoretical analysis in Formula (11). The grid-connected currents remain in the form of
smooth sine waves, despite abrupt change in the amplitude of grid-connected currents.
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Figure 11. Fault-tolerant control results with the sudden change in the amplitude of grid-connected
currents: (a) DC bus capacitance 820 uF; (b) DC bus capacitance 2200 puF.

In Figure 11a, the NPP deviation amplitude is greater than that in Figure 11b, as
described in Formula (11). When the amplitude of the grid-connected currents changes
suddenly, the half-wave symmetry of the NP current is destroyed in a fundamental period,
leading to the NPP fluctuation containing the DC component. Therefore, the NPP and
the grid-connected currents need to be dynamically adjusted to restore balance. When
the DC bus capacitances are 2200 puF, the maximum rms deviation percentage of steady-
state three-phase grid-connected currents is 2.66%. When DC bus capacitances are 820 uF,
the maximum rms deviation percentage of the steady-state three-phase grid-connected
currents is 4.33%. In both situations, the maximum rms deviation percentage of steady-state
three-phase grid-connected currents are relatively small. When the amplitude of the grid-
connected currents changes and the DC bus capacitances are 820 pF, the maximum NPP
fluctuation is 24 V, and the maximum DC bus NPP deviation tolerated within the linear
modulation region is 63 V. Despite the NPP’s significant fluctuation amplitude under these
conditions, the ESTPI can operate properly. Thus, the SVPWM compensation optimisation
strategy designed in this paper can ensure the continuous operation of the three-level NPC
inverter after a single-arm failure.
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4.2. The Improvement of Common Mode Voltage

In the SVPWM compensation optimization strategy, the medium vector is employed
for the space vector synthesis in sector II and V. This results in reduction in the proportion
of the small vector, leading to a decrease in the CMV. To evaluate the impact of the ap-
proach, the THD of the currents with the vector synthesis method only using small vectors
and introducing medium vectors are analysed, respectively, and the results are shown
in Figure 12.
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Figure 12. THD analysis of grid-connected currents (C1 = C2 = 2200 uF): (a) Use only small voltage
vectors; (b) Introduce medium voltage vectors.

According to the data presented in Figure 12, when introducing medium vectors in
vector synthesis, the THD of grid-connected currents is 1.59%, which is slightly higher than
the 1.49% only using small vectors. This is because the switch sequence is unable to meet
the three-phase symmetry requirement within one-third of one fundamental period when
incorporating medium vectors. Thus, the content of the third harmonic and its multiples
harmonics of the ESTPI output currents will increase. The THD of grid-connected currents
is still less than 5% in both cases, with only a 0.10% difference between the two methods,
but the vector synthesis method introducing medium vectors can effectively reduce CMV.
As shown in Figure 13:
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Figure 13. The CMV with difference reference voltage vector synthesis strategy.
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The method with the medium-voltage vector is used to synthesize the reference
voltage vector. When the reference voltage vector is in subsector 1 of sector II, the CMV
changes from —V;./6 to 0, the CMV changes from V. /6 to 0 in subsector 2. When the
reference voltage vector is in subsector 1 of sector V, the CMV changes from V;./6 to 0,
and the CMV changes from —V./6 to 0 in subsector 2. This indicates that the proposed
fault-tolerant control strategy not only can guarantee exceptional grid-connection control
after a single-arm fault, but also can significantly reduce the CMV for one-third of the time
within each fundamental wave period, with the CMV decreasing accordingly throughout
the entire cycle, which is conducive to grid-connection operation.

5. Conclusions

This paper proposed a fault-tolerant control strategy for three-level NPC grid-connected
inverters based on SVPWM. First, after the single-arm of the NPC grid-connected inverter
failure, the CMV is improved by repartitioning the sectors and subsectors and selects
a new reference voltage vector synthesis sequence. Then, based on the NPP migration
mechanism of the DC bus, the low-pass filter and hysteresis controller are designed to
optimise and compensate for the reference voltage vector synthesis, which can restrict the
reference voltage vector in the linear modulation area. The optimised SVPWM algorithm
can effectively suppress NPP migration and improve the quality of grid-connected currents.
When the amplitude of the grid-connected currents suddenly changes, the improved fault-
tolerant control strategy can also realise the three-phase balance of the inverter output and
maintain good grid-connected power quality.

With the proposed fault-tolerant control strategy, the THD of grid-connected currents
decreases from 10.41% to 2.03%, and the amplitude of CMV decreases in one-third of
one fundamental period. The simulation results verify the effectiveness of the proposed
fault-tolerant control strategy and provide a guarantee for the continuous stable operation
of the three-level NPC grid-connected inverters after a single-arm fault.
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