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Abstract—Fault-tolerant control (FTC) strategies have been pro-
posed to improve the reliability of power electronic systems. How-
ever, the FTC of the three-level T-type converter based shunt active
power filter (SAPF) remains limited by redundant devices. To
address this problem, an FTC strategy called sequential model pre-
dictive tolerant control (SMPTC) is combined with a nonintegral
lexicographic optimization (LO) algorithm for solving multiobjec-
tive optimization problems. First, the power circuit, space voltage
vector diagram, harmonic extraction, and prediction models of the
SAPF system are introduced. Second, based on power-switch fault
analysis, an adaptive dc bus voltage regulation method is proposed,
which ensures that the candidate voltage vectors are fully utilized
in the fault state. Third, an LO-SMPTC strategy is proposed
by designing a sequential predictive controller that considers the
neutral point (NP) voltage and the tracking of the SAPF output
current. Compared with the traditional model predictive control,
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the proposed method not only achieves NP voltage balance and
excellent harmonic compensation but also eliminates the selection
of weighting factors, thereby improving the control flexibility and
time efficiency. Finally, the effectiveness of the LO-SMPTC on the
dc bus voltage, NP voltage oscillations, grid current power quality,
and pole voltage under different scenarios is demonstrated through
experiments.

Index Terms—Lexicographic optimization (LO), neutral-point
voltage balance, predictive tolerant control, shunt active power
filter (SAPF).

I. INTRODUCTION

W ITH the development of power-electronic-based renew-
able energy systems, increasing attention has been paid

to the power quality of power grids. Shunt active power filters
(SAPFs) can efficiently solve the harmonic and reactive power
compensation problems encountered in such grids. The control
component of the SAPF determines the reference compensation
current in real time and controls the power electronic devices
to synthesize a compensation current [1]. In general, the com-
pensation current can be generated using converters and filters.
Amongst the various converters, three-level T-type converters
(3LT2C) have attracted considerable interest because of their
excellent performance in terms of efficiency and controllability
in low-voltage applications [2]–[4]. 3LT2Cs offer many advan-
tages, including lower output current ripples [5], [6] and higher
overall efficiencies [7], [8]. In addition, to filter out the majority
of high-order current harmonics, LCL filters have been widely
used to sufficiently attenuate the harmonic current and comply
with grid standards. The application of a 3LT2C converter with
an LCL filter can improve the quality of the SAPF compensation
current and further reduce the total harmonic distortion (THD)
of the grid current [9].

In recent years, the reliability of power converters has been
widely studied [10]–[12]. One key measure for improving re-
liability is fault-tolerant control (FTC) [13], [14]. Moreover,
for converter systems, the most likely faults relate to power-
switching devices [15], for instance, short-circuit and open-
circuit faults [16]. Short-circuit faults can cause serious damage
to power devices and also affect other devices. Therefore, it is
necessary to terminate the operation forcefully via the hardware
devices. On the other hand, open-circuit faults can be caused by
thermal cycling and gate-drive faults; these do not cause seri-
ous problems but make the compensation current of the SAPF
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seriously inconsistent with its reference, which may worsen the
compensation effect and lead to a neutral-point (NP) voltage
fluctuation or imbalance [17]–[19].

Therefore, this article focuses on an FTC strategy for a
3LT2C SAPF when an open-circuit fault occurs. In addition,
the topology of the T-type converter indicates that its switching
devices can be classified into horizontal NP switches and vertical
half-bridge switches. The severity of the open-circuit faults in
these two types of switches differs, as will be analyzed in this
article.

The research into the FTC of SAPFs can be regarded as a
category of FTC for converters because the output of the SAPF is
a harmonic current, whereas ordinary converters directly output
a fundamental current. In the literature, the FTC method for a
SAPF is generally a redundancy device method [20], [21]. For
example, Zhou and Tang [22] proposed an open-circuit fault di-
agnosis and tolerance scheme for a three-phase ac–dc converter,
and they used model predictive control (MPC) to enhance its
reliability; in this scheme, two new topologies were constructed
by adding triacs and fuses on the bridge arms. Qunwei et al.
[23] proposed a two-phase four-switch fault-tolerant strategy,
in which a fourth bridge arm was included in the topology. In
either case, redundant devices must be included in the existing
SAPF topology to participate in the new control strategy in
the event of an open-circuit fault. This is uneconomical and
inefficient, owing to the need for additional components, such as
insulated-gate bipolar transistors (IGBTs), fuses, and thyristors.

In fact, the fault-tolerance problems of power converters
can be solved without adding any redundant devices; this is
especially true of 3LT2Cs. FTC strategies that only change the
modulation algorithm have been widely described and studied
[24], [25]. For example, the hybrid discontinuous switching
tolerant control proposed in [26] maximally maintained a three-
level modulation in sectors when an open-circuit fault occurred;
however, the fluctuation of the NP voltage was not effectively
inhibited. The hybrid switching tolerant control proposed in [27]
considered the balance of the NP voltage during the modulation
process. Because the output of the SAPF is harmonic and the
reference vector of the converter output voltage fluctuates, it
remains to be studied whether the aforementioned fault-tolerant
strategies based on the modulation algorithm can be applied to
SAPF.

To realize the FTC of the 3LT2C SAPF, a novel control
strategy is proposed here; it is referred to as sequential model
predictive tolerant control (SMPTC). The idea of SMPTC is
based on finite-control-set MPC (FCS-MPC), which has been
a very popular prediction control method for power electronic
systems in recent years [24], [27]. FCS-MPC predicts the state
variables at future instances by modeling the discrete state-space
equations of the system. Then, an optimization problem (cost
function) is constructed to directly output the switching se-
quence required by the converter. Moreover, FCS-MPC itself
also suffers from problems, including the selection of optimal
weighting factors for the multiobjective cost function. For a mul-
tiobjective FCS-MPC design, the weighting factors are typically
obtained by trial and error, which is time consuming [28], [29].
Sequential MPC (SMPC) can solve this problem well and has

Fig. 1. Topology of the 3LT2C SAPF with an LCL filter.

been studied by numerous scholars in motor control and other
fields [30]–[32]. Under this method, the multiobjective opti-
mization is transformed into several cascaded single-objective
optimization problems. This idea is suitable for the FTC of the
SAPF. The main contributions of this article are summarized as
follows.

1) The similarities and differences between the horizontal NP
and vertical half-bridge switch faults are analyzed; these
can be used to evaluate the healthy and unhealthy states
of the 3LT2C SAPF.

2) An adaptive dc bus voltage regulation method is proposed,
where the dc bus voltage of the 3LT2C SAPF is automati-
cally determined by the nonlinear load; this can avoid the
time-consuming selection of the proper dc bus voltage for
harmonic compensation.

3) A nonintegral lexicographic optimization SMPTC (LO-
SMPTC) algorithm for resolving the multiobjective opti-
mization problem (MOOP) is proposed to improve har-
monic compensation and NP voltage balance under fault
conditions.

The rest of this article is organized as follows. Section II
presents an overview of the 3LT2C SAPF, including the sys-
tem configuration, space voltage vector diagram, harmonic ex-
traction of the nonlinear load, and system prediction model.
Section III presents the current path analysis used when an
open-circuit fault occurs; furthermore, the evaluations of healthy
and unhealthy 3LT2Cs are also elaborated here. In Section IV,
an adaptive dc bus voltage regulation control method for SAPF
is proposed; this can prevent the improper setting of the dc bus
voltage. Section V presents the improved SMPTC method. In
Section VI, the experimental results under different scenarios are
presented to validate the proposed method. Finally, Section VII
concludes this article.

II. 3LT2C SAPF WITH LCL FILTER: AN OVERVIEW

A. Configuration

Fig. 1 shows the topology of a 3LT2C SAPF. The dc bus side
consists of two series-connected capacitors C1 and C2 , whose
voltages are vp and vn, respectively. Because there is no dc
power supply, the dc voltage vdc is provided by the ac grid via
an LCL filter. The 3LT2C converter consists of six horizontal NP
switches and six vertical half-bridge switches interfaced with an
LCL filter; its parameters include the converter-side inductance
L1, grid-side inductance L2, and filter capacitor Cf . R1 and R2
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TABLE I
OUTPUT OF THE T-TYPE CONVERTER

Fig. 2. Space voltage vector diagram for a 3LT2C.

represent the parasitic resistances ofL1 andL2, respectively, and
RC is the passive damping resistance. inp is the NP current. vi,
i1, i2, vC , ig , vg, and il are the converter-side voltage, converter-
side current, SAPF output current, filter-capacitor voltage, grid
current, grid voltage, and load current, respectively. The SAPF
output i2 compensates for the harmonic component of the load
current il, thereby improving the quality of the grid current.

B. Space Voltage Vector of the 3LT2C

According to the operational states of the four switching
devices in each phase, the output voltage exhibits three voltage
levels, as listed in Table I. Each phase of the 3LT2C includes
three switching states: [P], [O], and [N]. Thus, the 3LT2C has 27
switching states, which can be interpreted as candidate voltage
vectors (CVVs) for MPC.

These switching states can be represented by space volt-
age vectors, which are divided into four groups according to
their magnitudes: 1) zero vector: |V zero| = 0; 2) small vector:
|V small| = vdc /3; 3) medium vector: |V medium| =

√
3 vdc/3;

and 4) large vector: |V zero| = 2vdc/3.
The space voltage vectors of the 3LT2C are shown in Fig. 2.

The converter’s modulation range is the tangent circle of a large
hexagon with a radius of

√
3
3 vdc. To prevent overmodulation, the

magnitude reference of the converter-side voltage |V ref | should
be smaller than this radius.

C. Harmonic Extraction

For the MPC of an SAPF, the harmonic current of the non-
linear load should be extracted and used as the reference for
the cost function. The widely used ip–iq method was here
adopted [33]–[35], as shown in Fig. 3. First, Clark and Park
transformations were performed on the three-phase load cur-
rents. Because the phase-locked loop captures the phase of the
grid voltage, the d-axis and q-axis denote the active and reactive
components, respectively. Next, the load current components
ild and ilq were filtered via a low-pass filter with a 20-Hz
cutoff frequency to remove the ac components. If the control
requires the voltage and current of the grid to be in phase, the

Fig. 3. Harmonic extraction diagram implementing ip–iq method.

reactive component is not required, and the switch in Fig. 3
can be disconnected. Finally, the fundamental component of
the three-phase load current was obtained via the inverse Clark
and Park transformations of the filtered current. The reference
harmonic currents i∗2a, i

∗
2b, and i∗2c are the results of the load

currents minus the fundamental currents. Additionally, the dc
bus voltage regulation block was constructed by introducing an
active power reference signal Δid to the d-component.

D. Prediction Model of the 3LT2C

Based on the requirements of FCS-MPC for discrete circuit
equations, the LCL filter circuit was analyzed as follows: At any
given instance, each CVV can be defined as

u = [ua, ub, uc]
T

s.t. ua, ub, uc ∈ {−1, 0, 1}u ∈ U (1)

where −1, 0, 1 represent [N], [O], and [P] states, respectively.
U represents the finite control set of n CVVs.

Under the assumption of a balanced NP voltage, the converter-
side voltage can be written as

vi =
vdc
2

u. (2)

According to Kirchhoff’s law, and assuming that the three-
phase circuit is symmetrical, the circuit equation for the LCL
filter can be derived as⎧⎪⎨

⎪⎩
di1
dt = −RC+R1

L1
i1 +

RC

L1
i2 − 1

L1
vC + vi

L1
di2
dt = RC

L2
i1 − RC+R2

L2
i2 +

1
L2

vC − 1
L2

vg
dvC

dt = 1
Cf

i1 − 1
Cf

i2

(3)

where i1 = [i1a, i1b, i1c]
T and the other bold vectors are written

similarly to i1.
Setting the continuous-time state variable as x (t) =

[i1(t), i2(t),vC(t)]
T , we see that x(t) has nine variables. To re-

duce the number of state variables and simplify the calculations,
the model can be transformed into αβ-stationary coordinates by
Clark transformations, expressed as

C3s/2s =
2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]
. (4)

Thus, (3) can be rewritten as

dxαβ(t)

dt
= Fxαβ(t) +Gu(t) + Pvg(t) (5)
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Fig. 4. Changes of the current paths under (a) Sa2 fault, i1a > 0; (b) Sa2 fault, i1a < 0; (c) Sa3 fault, i1a > 0; (d) Sa3 fault, i1a < 0; (e) Sa1 fault,
i1a > 0; (f) Sa1 fault, i1a < 0; (g) Sa4 fault, i1a > 0; and (h) Sa4 fault, i1a < 0.

where F =

⎡
⎢⎣−

RC+R1

L1
I2×2

RC

L1
I2×2 − 1

L1
I2×2

RC

L2
I2×2 −RC+R2

L2
I2×2

1
L2

I2×2
1
Cf

I2×2 − 1
Cf

I2×2 O2×2

⎤
⎥⎦

G =

⎡
⎣ vdc

2L1
I2×2

O2×2

O2×2

⎤
⎦C3s/2s P =

⎡
⎣ O2×2

− 1
L2

I2×2

O2×2

⎤
⎦C3s/2s.

By using the Du Hamel formula [36] to discretize (5), the
discretized-time state-space equation can be obtained as

xαβ (k + 1) = Axαβ(k) +Bu(k) + T vg(k) (6)

where A=eFTs ,B=−F−1(I−A)G,T =−F−1(I−A)P .

E. Prediction Model for NP Voltage

The NP voltage is an inherent problem in the three-level topol-
ogy, that is, we must ensure that the two series-connected dc bus
capacitors evenly divide the dc bus voltage. Let C1 = C2, then,
according to the Kirchhoff current law, the current equations of
node “O” can be derived as

inp = (1− |ua|) i1a + (1− |ub|) i1b + (1− |uc|) i1c

= C1
d(up − un)

dt
. (7)

Equation (7) shows the relationship between the converter-
side current and NP current. When a certain phase is in the [O]
state, the NP current is equal to the converter-side current; when
a certain phase is in the [P] or [N] state, the NP current is 0.
Owing to the symmetry of the three phases, we have

i1a + i1b + i1c = 0. (8)

The NP voltage is defined as

unp = un − up. (9)

Therefore, the NP current can be rewritten as

inp = − (|ua|i1a + |ub|i1b + |uc|i1c) = −C1
dunp

dt
. (10)

TABLE II
SWITCHING STATE CHANGES UNDER A-PHASE SWITCH FAULT

By forward Euler discretization, the NP voltage [see (10)] in
one switching period can be expressed as

unp (k + 1) =
Ts

C1
|u(k)|T i1 (k) + unp (k) (11)

where Ts represents the sampling interval.

III. OPEN-CIRCUIT FAULT ANALYSIS OF 3LT2C SAPF

A. Current Path When Open-Circuit Fault Occurs

The fault of the switching device produces a change in the cur-
rent path of the SAPF, which seriously reduces its compensation
effect. Taking the A-phase as an example, the switch faults in
the 3LT2C can be classified into two categories: horizontal (Sa2

and Sa3) and vertical (Sa1 and Sa4). When a fault occurs, the
switching state of the converter differs depending on the current
direction and fault devices. Fig. 4 shows the current paths,
where the dotted blue and red lines represent the current paths
under normal and open-circuit fault conditions, respectively.
The current flowing from the converter to the load is defined
as the positive current. Because fault current analysis has been
discussed in many previous studies [37]–[39], the conclusions
are directly presented in Table II.
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Fig. 5. Alternation between healthy and unhealthy states. (a) Horizontal Sa3

fault. (b) Vertical Sa1 fault.

Fig. 6. Space voltage vector diagram of a 3LT2C under. (a) Horizontal un-
healthy state. (b) Vertical unhealthy state.

B. Healthy State Evaluation

Table II illustrates that fault switches can keep the switching
state unchanged in a particular current direction; this does not
reduce the control effect. Taking the fault of Sa1 and Sa3 as
an example, we see that SAPF has three working states: 1)
horizontal unhealthy state: Sa3 fault and i1a < 0; 2) vertical
unhealthy state: Sa1 fault and i1a > 0; and 3) healthy state: all
other conditions.

To demonstrate the diagnosis methods for the three working
states more intuitively, Fig. 5 shows the diagnoses of the three
working states after the application of the proposed fault-tolerant
strategy. Fig. 5(a) represents the horizontal Sa3 fault and (b)
represents the vertical Sa1 fault. In the case of a constant
nonlinear load, each power frequency cycle (0.02 s) resembles
that in Fig. 5, with alternating healthy and unhealthy states.

The biggest difference between these three working states is
the difference in CVVs, which directly determines the maximum
modulation range of the space vector diagram. The healthy state
contains a total of 27 CVVs, and the spatial voltage vector
diagram is shown in Fig. 2.

The space voltage vector diagram for the two unhealthy states
is shown in Fig. 6. Because of the absence of [O] in Phase A, nine
CVVs (OOO, OOP, OON, OPO, OPP, OPN, ONO, ONP, ONN)
are missing in the horizontal unhealthy state. Nevertheless,
because no large vectors are lost, the horizontal unhealthy state
can still retain a double-hexagon structure similar to that in the
healthy state; thus, the maximum modulation range is the inner
tangent circle of the large hexagon with a radius of

√
3vdc/3.

Similarly, because of the absence of [P] in Phase A, nine
CVVs (POO, POP, PON, PPO, PPP, PPN, PNO, PNP, PNN) are

Fig. 7. Schematic diagram of an LCL filter circuit.

also unavailable in the vertical unhealthy state. The incomplete
large hexagonal structure is caused by the absence of certain long
vectors (PPN, PNN, PNP). Therefore, the maximum modulation
range is reduced to the inner tangent circle of the small hexagon,
with a radius of

√
3vdc/6.

The above analysis shows that faults in vertical switches
are more serious than those in horizontal switches because
the modulation radius is reduced by half. The solution to this
problem is described in Section IV.

IV. ADAPTIVE DC BUS VOLTAGE REGULATION

The modulation range of the SAPF varies sizably under
different working states, and the modulation range is directly
related to the dc bus voltage. In this chapter, an adaptive dc bus
voltage control method is proposed to ensure that the reference
voltage vector V ref does not exceed the modulation range in
any working state.

A. Calculation of v∗dc
As shown in Fig. 3, a proportional–integral (PI) controller

was adopted for dc bus voltage control in the outer loop. The
time response for dc bus voltage control is much slower than the
MPC-controlled output current in the inner loop, and this can
avoid the interference between them. At the same time, if MPC is
used to control the dc bus voltage, it will greatly complicate the
control strategy and increase the calculation burden. Thus, a PI
control was used instead of the MPC. As mentioned previously,
the magnitude of the reference voltage vector should satisfy⎧⎨
⎩

Healthy state or horizontal unhealthy state

|V ref |max <
√
3vdc/3

Vertical unhealthy state : |V ref |max <
√
3vdc/6.

(12)

The harmonic component of the load current (i.e., the refer-
ence value of the SAPF output current i∗2) is obtained from the
harmonic extraction component in Fig. 3. Because the param-
eters of the filter circuit are fixed, V ref can be derived using
phasor analysis.

The single-phase circuit of the LCL filter circuit is shown
in Fig. 7. The SAPF output current i∗2a, i

∗
2b, and i∗2c can be

expressed in the phasor form I∗
2 written as follows:[

i∗2α i∗2β
]T

= C3s/2s

[
i∗2a i∗2b i

∗
2c

]T
(13)

I∗
2 = i∗2α + j ∗ i∗2β . (14)
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Fig. 8. Simulation results of converter-side voltage reference. (a) Variation of
the magnitude. (b) Trajectory of the vector.

Fig. 9. Method of obtaining the maximum reference voltage vector.

Thus, the phasor analysis of Fig. 7 can be obtained as⎧⎪⎪⎨
⎪⎪⎩

V ∗
x = V g + I∗

2(R2 + sL2)
V ∗

C = V ∗
x/(1 + sCfRC)

I∗
1 = I∗

2 + sCfV
∗
C

V ref = V ∗
x + I∗

1(R1 + sL1)

(15)

where s = jω, and ω is the angular frequency of the grid.
Equation (15) ensures the real-time acquisition ofV ref . In this

way, the reference dc bus voltage v∗dc under different working
states can be determined and written as⎧⎪⎪⎨

⎪⎪⎩
Healthy state or horizontal unhealthy state

: v∗dc =
√
3k1|V ref |max

When a vertical unhealthy state occurs

: v∗dc = 2
√
3k2|V ref |max

(16)

where k1 and k2 are the margin coefficients.

B. Maximum Magnitude Calculation of V ref

The SAPF outputs the harmonic current and its vector magni-
tude fluctuates. Therefore, the magnitude ofV ref obtained using
(15) may vary. To clarify this phenomenon more clearly, Fig. 8
depicts the magnitude variation and vector-space trajectory of
V ref .

Fig. 8 shows that |V ref | changes periodically when SAPF is
in steady state. To ensure that V ref stays within the modulation
range at any time, its maximum value must be periodically
obtained. Fig. 9 illustrates a simple approach. A Max(u, y)
function is proposed to obtain the maximum |V ref | with a
period of 5 ms. A periodic rectangular pulse signal resets the
function, and the ratio of the pulse is 1%. The output y is 0
when the function is reset, which causes periodical concave

spikes in y. When y is low-pass filtered, the maximal |V ref |
can be obtained. Although the waveform fluctuates a little, it
meets the requirement of adaptive dc bus voltage control. For
example, when SAPF changes from the healthy state to vertical
unhealthy state, |V ref |max is calculated in real time through the
above method; then, v∗dc is calculated using (16). Finally, the
PI adjustment in Fig. 3 ensures that vdc can track the reference
value. It is not necessary to preset any parameters, except for the
proportional and integral coefficients of the PI controller.

V. FTC WITH MULTIOBJECTIVE OPTIMIZATION UNDER

OPEN-CIRCUIT FAULT

A. Control Objectives

The 3LT2C SAPF has two control objectives. One is the
accurate and fast tracking of the output reference current i∗2(k);
the other is the balance of the NP voltage.

1) Reference Current Tracking of SAPF: The filter circuit
predictive relationship described in (6) includes three control
variables: the converter-side current i1, filter capacitor voltage
vC , and SAPF output current i2. Note that passive damping is
applied to the LCL filter for resonance damping in this article;
therefore, the control for i1 and vC is unnecessary. Thus, by
defining the output variable y(k + 1), the relationship between
y(k + 1) and state variable xαβ(k + 1) can be written as

y (k + 1)=[00, i2α(k+1), i2β(k+1), 00]T =Cxαβ(k+1)
(17)

where C = diag(00, 11, 00).
It is important to note here that although the control for

i1 and vC can be neglected in (17), the sampling cannot be
ignored. This is because the prediction model [(6)] requires the
sampling of all state variables. Therefore, to reduce the number
of sensors, a Kalman filter (KF) [40] was used to estimate the
converter-side current i1 and filter capacitor voltage vC . The
reference values of i2 were derived from the harmonic extraction
component of Fig. 3. To obtain the predicted reference current,
Lagrange extrapolation with two-step prediction can be applied
and expressed as follows:

i∗2(k + 1) = 3i∗2(k)− 3i∗2(k − 1) + i∗2(k − 2). (18)

After transforming i∗2(k + 1) into two stationary coordinates,
the predicted state variable reference of the SAPF is

y∗(k + 1) = [0, 0, i∗2α(k + 1), i∗2β(k + 1), 0, 0]T . (19)

According to the above analysis, the cost function for the
current grid current tracking can be written as

Jt = ‖y(k + 1)− y∗(k + 1)‖
= ‖C(Axαβ(k) +Bu(k) + Tvg(k))− y∗(k + 1))‖

(20)

where ‖ · ‖ represents the two-norm of a vector.
2) Balance of NP Voltage: The predictive NP voltage re-

lationship derived from (11) can be directly used in the cost
function. To balance the NP voltage, the reference value of unp

should be set to 0. Therefore, the cost function of the NP voltage
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can be written as

Jnp = |unp(k + 1)− 0| =
∣∣∣∣ Ts

C1
|u(k)|T i1(k) + unp(k)

∣∣∣∣ .
(21)

B. Lexicographic Method for MOOP

The two cost functions Jt and Jnp constitute the MOOP.
To solve the MOOP, the traditional MPC (t-MPC) combines
multiple cost functions with weighting factors, and the optimal
solution can be expressed as

uopt(k) = argmin
u(k)

p∑
i=1

λiJi(u(k),xi(k))

s.t.u(k) ∈ Ucard(U) = n, (22)

where p represents the number of cost functions, x represents
the control objective, λ represents the weighting number, and U
represents the set of n CVVs. The cost function Jt−MPC for the
3LT2C SAPF is designed as

Jt−MPC = Jt + Jnp

= ‖C(Axαβ(k)+Bu(k) + Tvg(k))− y∗(k + 1))‖

+ λnp

∣∣∣∣ Ts

C1
|u(k)|T i1(k) + unp(k)

∣∣∣∣ (23)

where λnp is the weighting factor. The quantitative relationship
between different cost functions is unclear, indicating that trial
and error is necessary for selecting the optimal weighting factor.

To solve the MOOP without weighting factors, it is necessary
to simultaneously minimize p different cost functions. An ef-
fective method for these solutions is the lexicographic optimal
solution. The lexicographic method for MOOPs is described
as follows. The first layer is the most important objective,
whereas the last one has the lowest priority. Then, each ob-
jective is minimized sequentially using additional constraints,
which guarantees that the previous objectives generate optimal
values. To ensure multiple solutions for all layers except the last,
suboptimal solutions can also be applied. Algorithm 1 illustrates
this control strategy, referred to as the SMPC.

In Algorithm 1, “sort ()” is a function that sorts the cost
function vectors from smallest to largest. In this way, ni+1

suboptimal solutions (including the optimal solution) can be
selected for layer i, and ni are reduced layerwise. The last layer
yields a unique optimal solutionuopt(k). The two control objec-
tives required to control the 3LT2C SAPF were identified; thus,
the control flow of the SMPC was straightforward. However,
limitations remain in the following processes.

1) First, the method of determining the priority of the two
control objectives: current reference tracking and NP volt-
age balance.

2) Second, the method of determining the number of subop-
timal solutions selected by the first layer, especially under
large numbers of CVVs in the 3LT2C.

Algorithm 1: Obtain The Optimal Solution of MOOP Via
SMPC.

s.t. u(k) ∈ U1, card(U1) = n1

∀ i = 1, . . . , p− 1, ni > ni+1, np ≥ 2
Prioritize J1 → . . . → Jp
for m = 1, . . . , n1 do

Jm
1 = J1(u

m(k),x1(k))
end for

J1 = [J1
1 , . . . , J

n1
1 ]T

array1 = sort(J1)
for i = 2, . . . , p− 1 do

for m = 1, . . . , ni do
Jm
i = Ji(u

arraym
i−1(k),xi(k))

end for
J i = [J1

i , . . . , J
ni
i ]T

arrayi = sort(J i)
end for

uopt(k) = argmin
u(k)

{Jp(uarraym
p−1(k),xp(k))|m =

1, . . . , np}

C. LOSMPC for 3LT2C SAPF

As mentioned above, when SMPC deals with three-level
problems (e.g., the weighting factor of t-MPC), it must also
artificially select the number of first-level suboptimal solu-
tions. This parameter is defined as the weighting number n2.
The 3LT2C SAPF has 18 CVVs (nine missing) in an unhealthy
state and 27 CVVs in a healthy one. The difficulty in choosing
the weighting number is significantly increased compared to the
two-level SAPF with only eight CVVs.

Nevertheless, the problem can be solved using the cost
function of the NP voltage balance [see (21)]. From (21),
switching states 1 and −1 in u(k) can be seen to have the
same effect on the cost function result because u(k) has an
absolute value sign. Therefore, |u(k)| was selected as the in-
dependent variable for the cost function Jnp. Table III lists all
cases of |u(k)| under the three working states. As shown, the
CVVs are reduced to eight in the healthy and vertical unhealthy
states and only four in the horizontal unhealthy state. The cost
function of the reference current tracking Jt offers none of the
above advantages because u(k) has no absolute value sign; this
brings us to the priority determination problem.

From the control priority perspective, it seems that Jt would
be the highest priority, followed by Jnp. This is impractical
because Jt has too many CVVs and cannot reduce them using
the absolute value sign in Jnp. Based on the above analysis, Jnp
is mandated to have the highest priority. After n2 suboptimal
solutions are obtained, Table III is used to remove the absolute
values, and the integrated CVV set is used to calculate the
optimal solution of Jt.

Compared with SMPC and t-MPC, it is very convenient to
select the weighting number n2; however, there is still room
for simplification. For example, in a healthy state, Jnp would
have eight values with different distributions at each sampling
time, as shown in Fig. 10. The cost functions are arranged in
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TABLE III
CVVS OF |u(k)| AND CORRESPONDING VOLTAGE VECTORS OF u(k) IN DIFFERENT WORKING STATES

Fig. 10. Cost function distributions and mean values.

Fig. 11. Simulation results of weighting number.

ascending order at each sampling, and no lines correspond to a
specific CVV. To avoid the selection of any parameter in SMPC,
the mean value of all cost function values can be calculated (bold
black line in Fig. 10), andn2 is defined as the cost function below
the mean value, namely

n2 = Card

{
Jm
np

∣∣∣∣∣Jm
np <

(
n1∑

m=1

Jnp
m

)
/n1

}
(24)

where

n1 =

{
4,Horizontal unhealthy state
8,Healthy state or vertical unhealthy state.

The n2 calculated by (24) is not constant because the above
method is based on the mean rather than the median. As shown
in Fig. 11, n2 is selected differently in real time using the above
method such that the number of CVVs has different probability
distributions. Fig. 11 shows that, in the period 0.02–0.04 s,
the probability of n2 being equal to 4, 5, and 6 are 42.72%,

Algorithm 2: Fault-Tolerant LOSMPC Method.

s.t. u(k) ∈ U1, card (U1) = n1

sample/calculate variables and references
for m = 1, . . . , n1 do

Jm
np = Jnp (|u(k)|m)

end for
J1 = [J1

np, . . . , J
n1
np ]

T

arraynp = sort(Jnp)
n2 = card{Jm

np|Jm
np < (

∑n1

m = 1 J
m
np)/n1}

U2 = ∅

for m = 1, . . . , n2 do

|u(k)|arraym
np

Table III→ Um
track

U2 = U2 ∪ Um
track

end for
uopt (k) = argmin

u(k)

{Jtrack(u(k))|u(k) ∈ U2}

45.89%, and 11.39%.n2 has a mathematical expectation of 4.69,
that is, Jnp can compute noninteger suboptimal solutions at the
macroscale more flexibly than the SMPC.

Based on the above analysis, Algorithm 2 displays the imple-
mentation of the LOSMPC to tackle the fault-tolerance problem
of the 3LT2C SAPF. The selection of CVV set U1 varies ac-
cording to the three working states (i.e., all the situations corre-
sponding to |u(k)| in Table III). After selecting the suboptimal
solutions of Jnp, they remove the absolute value according to
Table III and integrate into the CVV set U2 for Jt.

Without the loss of generality, Algorithm 3 shows the process
of the lexicographic optimization SMPC (LOSMPC) for general
MOOPs. In choosing the weighting numbers, other values (e.g.,
the geometric mean) can also be used instead of the arithmetic
mean; however, the influence on the control effect remains to be
studied.

D. Stability Analysis

Assume that the state-space model of 3LT2C SAPF, when
considering the model uncertainty, is{

x (k + 1) = Ax(k) +Bu(k) + Td(k)
yc (k) = λc x(k)

(25)

wherex(k) ∈ Rnx is the state variable,u(k) ∈ Rnu is the input
control variable, yc(k) ∈ Rnc is the output control variable, and
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Algorithm 3: Obtain the Optimal Solution for MOOP Via
LOSMPC.

s.t. u(k) ∈ U1, card (U1) = n1

∀ i = 1, . . . ,p− 1, ni > ni+1, np ≥ 2
Prioritize J1 → . . . → Jp
for m = 1, . . . , n1 do

Jm
1 = J1 (um(k),x1(k))

end for
J1 = [J1

1 , . . . , J
n1
1 ]T

array1 = sort(J1)
n2 = card{Jm

1 |Jm
1 < (

∑n1

m = 1 J
m
1 )/n1}

for i = 2, . . . , p− 1 do
for m = 1, . . . , ni do

Jm
i = Ji (u

arraym
i−1(k),xi(k))

end for
J i = [J1

i , . . . , J
ni
i ]T

arrayi = sort(J i)
ni+1 = card{Jm

i |Jm
i < (

∑ni

m = 1 J
m
i )/ni}

end for
uopt (k) = argmin

u(k)

{Jp(uarraym
p−1(k),xp(k))|m =

1, . . . , np}

d(k) is the disturbance. Note that the grid voltage is considered
as the disturbance.

To reduce the steady-state error, we can rewrite the system in
(25) as an incremental model as

Δx (k + 1) = AΔx(k) +BΔu(k) + TΔd(k) (26)

where Δx (k) = x(k)− x(k − 1), Δu (k) = u(k)− u(k −
1), and Δd (k) = d(k)− d(k − 1).

Thus, the system prediction error at instant k + 1 can be
expressed as

EP (k + 1|k) = R(k + 1)− Y (k + 1) = R(k + 1)− Sx

Δx(k)− �yc(k)− SdΔd(k)− SuΔu(k) (27)

where

Sx = [λA λA2 λA3 . . . λAN ]T

� = [Inc×nc Inc×nc . . . Inc×nc ]
T

Sd =

⎡
⎢⎢⎢⎣

λB 0 · · · 0
λAB λB · · · 0

...
...

. . .
...

λAN−1B λAN−2B · · · λB

⎤
⎥⎥⎥⎦

Su =

⎡
⎢⎢⎢⎣

λT 0 · · · 0
λAT λT · · · 0

...
...

. . .
...

λAN−1T λAN−2T · · · λT

⎤
⎥⎥⎥⎦ .

Based on the principle of MPC, only the first element of the
open-loop optimal control sequence acts on the T-type converter;
that is

Δu =
[
Inc×nc 0 · · · 0 ] ΔU∗ (k) (28)

where ΔU∗ is the optimal control sequence expressed as

ΔU∗ (k) = (ST
uΓ

T
y ΓySu + ΓT

uΓu)
−1 ST

uΓ
T
y EP (k + 1|k).

(29)
Defining the control gain Kmpc of the prediction controller

as

Kmpc =
[
Inc×nc 0 · · · 0 ]

1×m

(ST
uΓ

T
y ΓySu + ΓT

uΓu)
−1ST

uΓ
T
y EP (k + 1|k) (30)

Δu(k) can be derived using (29) and (30) as

Δu (k) = Kmpc EP (k + 1|k)
= Kmpc (R(k + 1)

− SxΔx(k)− �λcx(k) − SdΔd = (k)Kmpc R(k + 1)

−Kmpc(Sx + �λc)Δx(k)−Kmpc�λcx(k − 1)

−Kmpc SdΔd(k). (31)

Thus, the closed-loop system can be expressed as

Δx (k + 1) = (A−BKmpc(Sx + �λc)) Δx(k)

+BKmpcR(k + 1) + (T −BKmpcSd)

Δd(k)−BKmpc�λcx(k − 1). (32)

Therefore, when all the characteristic roots of the matrix
A−BKmpc(Sx + �λc) are located within the unit circle,
the closed-loop control system is stable. For an LCL-interfaced
3LT2C SAPF, Kmpc is the optimal switching sequence to mini-
mize the cost function; this should satisfy |A−BKmpc(Sx +
�λc)| < 1. Thus, for the MPC control problem without con-
straints, the calculated Kmpc should be substituted into the
characteristic roots of the matrix.

E. Block Diagram of the Proposed LOSMPTC Method

The control block diagram of the proposed FTC strategy is
shown in Fig. 12. This strategy systematically constructs the
integrated control method of 3LT2C SAPF under open-switch
faults (Sa3 and Sa1 open-switch faults represent the horizontal
and vertical switch faults, respectively) and normal operation.

The overall control system is primarily divided into the fol-
lowing three components.

1) Determination of working state: Distinguishing the three
different working states ensures that the two remaining
control parts can be adjusted automatically in real time.
Note that the fault diagnosis method was not studied here.
In the experiment, trigger signals were used to determine
the three working states.

2) Adaptive dc bus voltage control: As mentioned above,
the reference value of the dc bus voltage can be adjusted
adaptively according to the working state. The output
of the PI regulator was input to the harmonic extraction
module, and the adjusted current reference value was sent
to the MPC to form a closed control loop.

3) Fault-tolerance LOSMPC. The NP voltage was controlled
first, the reference current tracking was controlled second,
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Fig. 12. Proposed FTC block diagram for the 3LT2C SAPF.

Fig. 13. Schematic diagram of the experimental setup.

and the weighting number between the two was nonarbi-
trarily selected. Under different working states, the CVVs
selected using Table III and the current reference ensured
a sufficient modulation range and optimal control effect.

VI. EXPERIMENTAL RESULTS

A. Hardware Setup

To verify the effectiveness of the proposed strategy, a three-
phase 3LT2C LCL-type SAPF with a rated power of 10 kW was
built in the laboratory. Fig. 13 shows the experimental setup, in
which the SMPTC control algorithm was realized by a 32-bit
floating-point digital signal processor TMS320F28379 (Texas
Instrument Company, USA), which is usually used for fast and
complex digital calculations and control algorithm implemen-
tation. The 3LT2C consists of six FUZI 1MBH50D-060 IG-
BTs and six FUZI 2MBI150U2A-060 IGBTs. Six Hall current
sensors (HCS-LTS-06A) were used to measure the converter
current and grid current. A fundamental frequency transformer
was applied for voltage matching between the converter and grid

TABLE IV
EXPERIMENTAL PARAMETER SPECIFICATIONS

Fig. 14. Two kinds of nonlinear loads. (a) Without Li1. (b) With Li1.

voltages. The specific parameters of the control system are listed
in Table IV.

B. Trouble-Free Steady-State Experiments

1) Nonlinear Load Analysis: In engineering, it is generally
impossible to know the specific circuit of a nonlinear load:
we can only obtain its current. However, in the literature, two
typical circuit topologies are commonly used as nonlinear loads,
as shown in Fig. 14. The experimental parameters are listed
in Table V. Clearly, the biggest difference between the two
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TABLE V
EXPERIMENTAL PARAMETER OF NONLINEAR LOAD

Fig. 15. Steady-state experimental results of nonlinear load without Li1. (a)
A-phase load current, SAPF output current, and its reference. (b) A-phase grid
current, grid current reference, and their errors.

topologies lies in the current-limiting inductances Li1 that are
connected to the uncontrolled rectifier bridge. The load current
of the former is periodically changed by the rectifier bridge, as
are its harmonic components. In the latter, owing to the nature
of the inductance, the current cannot change abruptly. Thus,
the lower the inductance, the higher the load/harmonic current
change rate.

2) Trouble-Free Operation Without Ll1: Fig. 15 shows the
steady-state experimental results for the nonlinear load without
Li1. As shown in Fig. 15, the abrupt current of the nonlinear load
current occurs periodically, similar to its harmonic component.
In other words, the SAPF must keep track of an abrupt refer-
ence current. The proposed method cannot achieve zero-error
tracking of abrupt current changes.

Therefore, noncompensable areas inevitably appear in Fig. 15.
The base of the triangular area is determined by the nonlinear
load itself, and the height is determined by the dynamic response
of the control method. If the nonlinear load remains unchanged,
even if the rising time is very small, the grid current compensated
by SAPF will retain an upper convex and lower concave, whose
heights are equal to the base of each triangular area.

3) Trouble-Free Operation With Ll1: Fig. 16 shows the
steady-state experimental results for the nonlinear load with
Li1. Owing to the current limiting of Li1, the reference current
of SAPF did not change rapidly. Therefore, there were no
noncompensable areas in the grid current. The grid current not
only exhibited a good output but was also guaranteed to be in
phase with the grid. Fig. 16(c) shows the harmonic spectrum of

Fig. 16. Steady-state results of the nonlinear load with Li1. (a) Load current,
SAPF output current, and its reference. (b) A-phase grid current, grid current
reference, and their error. (c) Harmonic distributions of the grid current.(d) DC
bus and NP voltages.

the grid current for Phase A. The THD of the grid current without
harmonic compensation was 23.38%, and the THD after com-
pensation was only 2.12%, indicating that the proposed strategy
had excellent harmonic compensation capabilities in the absence
of faults. Fig. 16(d) shows the dc bus voltage (∼750 V) and
NP voltage (∼1.7 V). With the adaptive dc bus voltage control,
the dc-link voltage could be stabilized automatically without
allocating a voltage reference. Meanwhile, the series-connected
dc bus capacitors shared the dc bus voltage well. The stability
of the dc bus voltage and the balance of the NP voltage ensured
a smooth operation.

C. Experiments in Special Cases

To verify the reliability of the proposed control strategy,
several special situations for SAPF were also tested; these
included unbalanced grid voltages, grid voltages with harmonic
components, parameter mismatch, and abrupt load changes. The
SAPF is operated under a free fault, and Fig. 14(b) is selected
for the nonlinear load.

1) Unbalanced Grid Voltages: Fig. 17 shows the steady-state
experimental results under an unbalanced grid voltage, where
the voltages of Phases B and C were increased to 110% and
decreased to 90% of their nominal values, respectively. Under
the influence of an unbalanced grid voltage, the grid currents
exhibited a slight imbalance, where the current of Phase B was
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Fig. 17. Steady-state experimental results under unbalanced grid voltages. (a)
Three-phase grid voltages. (b) Three-phase grid currents.

Fig. 18. Steady-state experimental results under unbalanced grid voltages. (a)
Three-phase grid voltages. (b) Three-phase grid currents.

Fig. 19. Steady-state experimental results under filter parameter mismatches.
(a) Case I. (b) Case II.

slightly higher than that of Phases A and C. The THD of the grid
currents was ∼3.15%.

2) Grid Voltages With Harmonic Components: Fig. 18 shows
the steady-state experimental results under a distorted grid volt-
age, where each phase was injected with 10% fifth harmonics.
Despite the distorted grid voltages, the grid currents were still
well compensated by a THD of 3.44%.

3) Parameter Mismatch: To verify the robustness of the
proposed method, the parameter mismatch of the LCL filter
in two cases under a healthy state was tested. Case I: The
actual LCL parameters were 150% of their nominal values,
namely, L1 = 9 mH, L2 = 15 μH, and Cf = 15 μF. Case II:
The actual LCL parameters were 50% of their nominal values,
namely, L1 = 3 mH, L2 = 3 μH, and Cf = 3 μF.

Fig. 19(a) shows the steady-state experimental results for
Case I. There are clear high-frequency burrs present in the grid
current with a THD equal to 2.87%. Fig. 19(b) shows the results
for Case II. The harmonic component of the grid current was
relatively high with a THD equal to 5.80%. The FCS-MPC-
based method requires the accurate mathematical model; thus,
parameter mismatches will lead to changes in the matrices of
(6) and alter the control effect. However, the proposed method

Fig. 20. Experimental results under sudden load change. (a) Three-phase load
currents. (b) Three-phase grid currents.

Fig. 21. Experimental results under horizontal switch fault. (a) Three-phase
grid currents. (b) DC bus voltage, NP voltage, and A-phase pole voltage.

still shows good robustness under changes in the LCL filter
parameters.

4) Load Changes: Fig. 20 shows the dynamic response of the
load and grid currents under load changes, for the nonlinear load
in Fig. 14(b) when Ls and Rs were suddenly reduced to half of
its original value. As shown in Fig. 20, after an abrupt increase
in load current, the grid currents stabilized with a settling time
of ∼1.5 ms, and the THD was 3.05%.

D. Experiments Under Open-Circuit Faults

To demonstrate that the proposed control strategy has a fault-
tolerance of horizontal and vertical faults, open-circuit fault
experiments of horizontal switch Sa3 and vertical switch Sa1

were conducted. The experiments included three scenarios. 1)
Normal operation without faults; the SAPF system is in a healthy
state. 2) Faults occur but have not been diagnosed; the control
system regards the SAPF as being in a healthy state. 3) Faults
occur and have been diagnosed; the working state of the system
is evaluated in each sampling period, according to the discussion
in Section III-B.

1) Horizontal Switch Fault: Fig. 21 shows the experimental
results for the horizontal switch fault. When a fault occurred,
the three-phase grid currents were distorted to some extent with
a THD equal to 6.77% (Phase A, which was the most distorted);
however, the distortion was small. The dc bus voltage fluctuated
slightly, and the NP voltage had a small fluctuation of 5.8 V. The
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Fig. 22. Experimental results under vertical switch fault. (a) Three-phase grid
currents. (b) DC bus voltage, NP voltage, and A-phase pole voltage.

pole voltage Uao reflected the switching of the A phase in the
three states [P], [O], and [N]. The absence of the [O] states in
Fig. 21(b) led to a poor control effect.

After the fault was diagnosed, the LOSMPC could perform
fault tolerance control. As shown in Fig. 21, the three-phase grid
current quality was better, and the THD was reduced to 3.07%.
Second, the fluctuation of the dc bus voltage and NP voltage
became smaller (∼3.0 V). Finally, it can be seen from the pole
voltage that the fault-tolerant strategy made full use of the [O]
state of the healthy state, which improved the power quality of
the grid current and NP voltage.

2) Vertical Switch Fault: Fig. 22 shows the experimental
results for the vertical switch fault. When a fault occurred, a very
large distortion of the three-phase grid currents was observed
with a THD equal to 14.12% (Phase A). This was because the
modulation range of the vertical switch fault was reduced by
half compared to that of the horizontal switch fault. The dc bus
voltage fluctuated considerably, and the NP voltage is fluctuated
by 8.9 V. The absence of [P] states in the pole voltage Uao in
Fig. 21(b) produced a poor control effect.

When a fault is diagnosed, LOSMPC can perform fault tol-
erance control. To extend the modulation range, the proposed
adaptive dc bus voltage control can also improve the voltage
reference. In addition, as shown in Fig. 22(b), the dc bus voltage
increased from 750 to 1400 V, with a setting time of ∼50 ms.
During this period, the current reference for LOSMPC control
was incorrect and did not return to normal until the voltage was
stabilized. The amplitude of the grid current shown in Fig. 22(a)
was initially larger and later returned to normal with a similar
setting time of 50 ms.

Despite this, the FTC effect of the system under vertical switch
faults remained outstanding. As shown in Fig. 22, the THD of
the grid currents was reduced to 3.89%. Second, the fluctuation
of the dc bus voltage and NP voltage became smaller (∼7.0 V).
Finally, it can be seen from the pole voltage that the fault-tolerant
strategy made full use of the [P] state of the healthy state to
improve the power quality of the grid current and NP voltage.

Fig. 23. Experimental results of vertical switch fault using the t-MPC method.
(a) Three-phase grid currents. (b) DC bus voltage, NP voltage, and A-phase pole
voltage.

To conclude, the proposed LOSMPTC method with adaptive
dc bus voltage regulation achieved excellent harmonic compen-
sation and balance of the NP voltage under horizontal or vertical
switch faults.

E. Comparison With Existing Methods

1) Experimental Conditions: To verify the superiority of the
proposed method in FTC, t-MPC and SMPC experiments under
vertical switch faults were compared. For a fair comparison,
the experiments (t-MPC and SMPC) were performed under the
same conditions as the LOSMPC method.

For t-MPC, we referred to control policies (22) and (23).
Before the fault was diagnosed, λnp = 1, and the set of CVVs
contained all 27 CVVs of the healthy state. After the fault was
diagnosed, λnp = 10, and the set of CVVs contained all 18
CVVs of the vertical unhealthy state.

For SMPC, we refer to Algorithm 2; however, n2 was 5.
Before the fault was diagnosed, the SAPF was considered to be in
a healthy state. After the fault was diagnosed, the control system
judged the working state of each sampling moment according
to the principle described in Section III-B.

In addition, no change was observed in the experimental
parameters and adaptive dc bus voltage control. As soon as the
system at a certain sampling time was identified to be vertically
unhealthy, the reference of the dc bus voltage increased to ensure
the modulation range. Without special clarification, the THD of
the grid currents was the average THD of the three phases.

2) t-MPC Method: Fig. 23 shows the experimental results
of the vertical switch fault under the t-MPC control. Before a
fault occurred, the THD of the grid currents was only 2.00%,
although the NP voltage was relatively large (∼9.3 V). The grid
current and NP voltage both deteriorated after the fault with a
THD of 14.38% (Phase A) and a fluctuation of 13.0 V. When
the fault-tolerance method with t-MPC was applied, the control
effects were not satisfactory. Although the setting time of the dc
bus voltage was reduced to 30 ms compared with LOSMPC, the
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Fig. 24. Experimental results of the vertical switch fault using SMPC method.
(a) Three-phase grid currents. (b) DC bus voltage, NP voltage, and A-phase pole
voltage.

NP voltage distortion was as high as 234 V during this setting
period, and even after the dc bus voltage was stabilized, a 14.2 V
fluctuation remained present in the NP voltage. The grid current
compensation effect was also limited, and its THD was equal
to 7.00% (Phase A, which was the most distorted; the THDs of
Phases B and C were ∼5%).

The selection of the weighting factor λnp was one reason for
the above phenomenon; however, the most important factor is
reflected in the pole voltage Uao. The CVVs for t-MPC were
always 18 after fault diagnosis, that is, the [P] state of Phase A
after fault diagnosis never existed. Therefore, Uao in Fig. 23(b)
has only two levels ([O] and [N]) during the FTC period. Proper
use of the [P] level is a key factor in ensuring satisfactory fault-
tolerant operation of the vertical switch fault.

3) SMPC Method: Fig. 24 shows the experimental results
for the vertical switch fault using the SMPC method. Before the
fault occurred, the THD of the grid currents was 2.23%, slightly
higher than that of the LOSMPC, and the NP voltage was equal
to that of LOSMPC (both were 1.7 V). The results indicate that
the control effects of the two methods were basically identical
when no fault occurred. This can be easily explained as follows.
As can be seen in Fig. 11, the mathematical expectation of n2

for LOSMPC without fault was 4.69, whereas n2 for SMPC
was 5; thus, the control effects were very similar. When a fault
occurred, the deterioration degrees of the two methods were also
similar. The grid current THD with SMPC was 14.10% (Phase
A), and the NP voltage was 9.2 V.

However, after the fault was diagnosed, the fixed weighting
numbern2 of the SMPC limited its control effect. Although, like
LOSMPC, the [P] states were fully utilized [as seen from the pole
voltage in Fig. 24(b)], it did not assign more weight to the grid
currents. This resulted in a very small NP voltage of only 2.4 V
with a THD of 9.13% of the grid currents (referred to as Phase
A, which was seriously distorted. The THD for Phases B and
C was ∼6%). In comparison, the noninteger weighting number
n2 in the proposed LOSMPC could handle the fault-tolerance
problems of the 3LT2C SAPF more flexibly.

TABLE VI
COMPARISON BETWEEN THE THREE METHODS

4) Summary: Table VI lists the experimental results for the
above three methods, namely, no fault, undiagnosed vertical
switch fault, and supplementary FTC applied. There was no
significant difference between the three methods in terms of
trouble-free operation. However, from the perspective of FTC,
the proposed LOSMPC was more suitable. First, LOSMPC can
make better use of the [P] state to improve the efficiency of the
converter when a vertical switch fault occurs. Second, LOSMPC
with adaptive dc bus voltage control can achieve a sufficient
modulation range. Finally, LOSMPC can choose the weighting
number more flexibly; it expressed it as a noninteger at the
macroscale, and it could be automatically adjusted.

VII. CONCLUSION

This article proposes a novel nonintegral LO-based SMPTC
control strategy to perform FTC of a 3LT2C SAPF under open-
circuit faults in both NP switches and half-bridge switches. The
strategy was implemented by introducing a cascaded control
sequence, that is, the NP voltage was ranked as the highest
priority, and the output current of SAPF was ranked as a sec-
ondary priority. Thus, compared with t-MPC, SMPTC elimi-
nates the selection of weighting factors. Under fault conditions,
the proposed nonintegral SMPTC strategy could realize FTC,
achieving excellent harmonic current compensation capability
and maintaining the stability of the dc bus voltage and NP volt-
age. In addition, to simplify the time-consuming dc bus voltage
reference specification, an adaptive dc bus voltage regulation
method was introduced such that the dc bus voltage could be
automatically determined by the nonlinear load. Experimental
results further confirm the feasibility and validity of the proposed
strategy, which has strong feasibility and can also be applied to
other systems (e.g., motor drive systems and multilevel converter
systems).

It is needed to note that the proposed scheme is only suitable
when only one power transistor faults in 3LT2C APF. If two
or more power transistors faults simultaneously, new research
work may be investigated. It is suggested that future research
can consider the open-circuit FTC control of parallel-connected
APF systems.
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