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ABSTRACT Neutral-point clamped (NPC) three-level grid-tied converter is the key power electronic
equipment connecting renewable energy and power grid. High temperature and other factors can lead to
current sensor failure, control strategy failure, output current distortion, and even lead to the disconnection
of renewable energy. To maintain the normal operation of NPC three-level grid-tied converter with current
sensor fault, a model predictive fault-tolerant control strategy based on space voltage vector set and fault
phase current reconstruction is proposed. Firstly, the relationship between fault phase current and voltage
vector is studied. After the current sensor fault, only 12 out of 27 voltage vectors were found to be able
to reconstruct faulty phase currents with a DC current sensor and an AC current sensor. Model predictive
current control using the set of these 12 voltage vectors, and fault phase current is directly calculated by DC
current and normal phase current, which improves the fault tolerance and stability of the converter system.
Finally, simulation and experimental results verified the effectiveness of the proposed method.

INDEX TERMS Neutral-point clamped grid-tied converter, model predictive control, current sensor fault,
fault-tolerant, current reconstruction.

I. INTRODUCTION
Neutral-point-clamped (NPC) three-level grid-tied converter
serves in high-voltage and high-power applications because
of its low harmonic content of output current and high conver-
sion efficiency [1]. When the converter system fails, the con-
trol strategy will fail, the grid-tied current will be seriously
distorted, and the DC power supply will be disconnected.
Since the converter works in a high-temperature environ-
ment, sensor components made of ferrite may fault [2]–[5].
Therefore, it is significant to study the fault-tolerant of NPC
converter with current sensor fault.

Model predictive control (MPC) has been studied because
of its simple control strategy, good robustness, and without
PWM wave modulation [6]–[11]. Its main feature is using
the systemmodel to predict the future changes of control vari-
ables. According to the predetermined cost function, the opti-
mal operation mode of the converter is determined. MPC
predicts the optimal switching state in the next period by
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the relationship between the three-phase current signal and
voltage feedforward.

Sensor faults can be divided into complete failure fault,
fixed deviation fault, drift deviation fault, and accuracy
decline. Sensor faults can lead to abnormal operation of the
control system, resulting in unpredictable negative conse-
quences. Somany scholars have studied the fault-tolerant pro-
cess of sensor fault [12]–[14]. The residual current sensor can
be used to reconstruct the three-phase current and improve
the stability of the conversion system, and such strategies
are applied in motors and grid-tied converters [15]–[19].
A PWM control strategy using DC-link current to reconstruct
the fault phase current is proposed for the two-level converter.
According to the DC-link current information under different
switching states, all phase currents are reconstructed in a sin-
gle PWM cycle [18]. However, under some voltage vectors,
theDC-link current cannot reconstruct the fault phase current.
The voltage vectors are divided into two categories: recon-
structing the fault phase current with DC-link current and
the fault phase current with predicted current [19]. Although
all voltage vectors are used in this strategy, the fault phase
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current reconstructed by the predicted current will produce
the current error.

In addition, observer-based fault-tolerant strategies for cur-
rent sensors have been widely studied [20]–[22]. An innova-
tive method for estimating three-phase current using DC-link
current is proposed [22]. This method is based on a sinusoidal
curve fitting observer and uses trigger signal and DC-link
current to reconstruct current. Even if the DC-link current
cannot reconstruct the fault phase current, this method can
reconstruct the fault phase current. The current reconstruction
method does not need DC-link current but requires complex
observer parameters. Using multiple voltage vector control in
one control cycle could obtain different phase current signals,
the fault phase current can be reconstructed [23], [24]. After
a dead-time, A/D conversion time, and current stability time,
DC-link current can be accurately sampled, and multiple
samples are required in each cycle. Therefore, there will be
an unmeasurable area in the DC-link. Translate the PWM
wave of the corresponding phase with the maximum and
minimum duty cycle back and forth to meet the time required
for accurate sampling [23].

The above current sensor fault researches are mainly
applied to the two-level grid-tied converter. The current sen-
sor fault tolerance of the NPC three-level grid-tied converter
has not been further studied. A three-level current reconstruc-
tion method for NPC is proposed, in which a shunt resistor is
inserted at the neutral point to reconstruct fault phase current
according to the current of the shunt resistor [25]. However,
this method requires additional resistance elements, which
is unsuitable for conventional NPC three-level converter and
will cause additional power loss. Aiming at the current sensor
fault of NPC three-level grid-tied converter, an MPC strategy
based on current reconstruction is proposed. The main con-
tributions are summarized as follows:

1. The NPC three-level current reconstruction model is
established. When AC current sensor fails, the voltage vector
of NPC three-level grid-tied converter is analyzed, and the
fault phase current is reconstructed by DC-link current.

2. The current predictive control model is designed based
on the reconstructed current, an MPC strategy is proposed.
And the neutral voltage component is added to the cost func-
tion to balance the capacitor voltage.

3. The proposed MPC strategy has good steady-state per-
formance under different loads and can quickly follow the
reference current. It ensures the continuous operation of NPC
three-level grid-tied converter after the current sensor fault.

II. CURRENT RECONSTRUCTION MODEL AND CURRENT
PREDICTIVE CONTROL MODEL
A. CURRENT RECONSTRUCTION MODEL
The conventional NPC three-level grid-tied converter topol-
ogy is shown in Fig. 1. Each phase consists of 4 IGBTs and
2 diodes. In addition, the converter system includes a DC
power supply Udc and two capacitors. The grid is connected
with filter inductor L and parasitic resistor R. Fig. 2 shows
the converter voltage vector in the normal state.

FIGURE 1. Topology of NPC three-level grid-tied converter with current
sensor fault.

FIGURE 2. NPC three-level voltage vectors in normal state.

Under the normal state, NPC three-level grid-tied converter
controller needs to collect real-time signals of three-phase
current and three-phase voltage. The three-phase current sig-
nals are collected and transmitted by two AC current sensors
(Assuming phase a is connected to current sensor-a; phase b
is connected to current sensor-b; phase c current can be
calculated with Kirchhoff current law). The high temperature
and high voltage environment may damage such sensitive
devices as the current sensor.

When the current sensor-a fault and the current sensor-b
works normally, the phase b current can be directly obtained,
while the current phase a current and phase c current are inac-
curate. Under this state, phase b current ib and phase c current
ic need to be reconstructed. When the current sensor-b fails
and the current sensor-a works normally, the phase a current
can be obtained directly, and phase b current and phase c
current are inaccurate. Under this state, phase a current ia and
phase c current ic need to be reconstructed.

The relationship between DC-link current and three-phase
current is (1).{

Idc = SHA × ia + SHB × ib + SHC × ic
ia + ib + ic = 0

(1)

where Idc is DC-link current; ia, ib, and ic are the output
three-phase current of the converter system; SHA, SHB, and
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SHC are defined as (2):

SHX =

{
1 SX = 1
0 others

X = A,B,C (2)

According to (1), the reconstructed fault phase current can
be expressed as (3) and (4):

ia =


Idc − (SHB − SHC )× ib

SHA − SHC
, SHA − SHC 6= 0

0, SHA − SHC = 0
(3)

ib =


Idc − (SHA − SHC )× ia

SHB − SHC
, SHB − SHC 6= 0

0, SHB − SHC = 0
(4)

After reconstructing phase b current ib or phase a cur-
rent ia, phase c current ic can be obtained with ic = - ia- ib.
As shown in Fig. 3, when the current sensor-a fails, ia can
be reconstructed with (3) if SHA 6= SHC . The voltage vectors
that can be used are U4(1, 0, 0), U6(1, 1, 0), U10(0, 1, 1),
U12(0, 0, 1), U16(1, 0, −1), U19(−1, 0, 1), U20(0, −1, 1),
U21(1, −1, 0), U22(1, −1, −1), U23(1, 1, −1), U25(−1, 1,
1), U26(−1, −1, 1); When the current sensor-b fails, ib can
be reconstructed with (4) if SHB 6= SHC . The voltage vectors
that can be used are U6(1, 1, 0), U8(0,1,0), U12(0, 0, 1), U14(1,
0, 1), U17(0, 1, −1), U18(−1, 1, 0), U19(−1, 0, 1), U20(0,
−1, 1), U23(1, 1, −1), U24(−1, 1, −1), U26(−1, −1, 1),
U27(1, −1, 1).

TABLE 1. Correspondence relationship between voltage vector and
reconstruction current in current sensor-a fault.

In the current relationship shown in (3) and (4), the three-
phase current is obtained by the current reconstruction
method, which improves the reliability of the NPC three-
level grid-tied system. The current reconstruction model is
established with the relationship between DC-link current
and normal phase current. In Table 1, the three-phase current
can be obtained by DC-link current Idc and phase b current
ib after the current sensor-a fault. As shown in Table 2, the
three-phase current can be obtained by using DC-link current
Idc and phase a current ia after the current sensor-b fault.

B. CURRENT PREDICTIVE MODEL
Reconstructed current is applied to the current sensor fault,
and the current predictive model is shown in this section.

TABLE 2. Correspondence relationship between voltage vector and
reconstruction current in current sensor-b fault.

FIGURE 3. Available voltage vectors of the current sensor-a fault and
current sensor-b fault: (a) Available voltage vectors in current sensor-a
fault; (b) Available voltage vectors in current sensor-b fault.

There are three switching states for each phase, and the
switching state of each phase Si is defined as (5).

Si =


1 Si1 = on, Si2 = on, Si3 = off , Si4 = off
0 Si1 = on, Si2 = off , Si3 = off , Si4 = on
−1 Si1 = off , Si2 = off , Si3 = on, Si4 = on

(5)

where Sin (i ∈ {a, b, c}, n ∈ {1, 2, 3, 4}) denotes the switch
in the main circuit; ‘‘on’’ and ‘‘off’’ represent that the power
switch is turned on and turned off, respectively.

NPC three-level grid-tied converter has 27 switching states,
and each switch state corresponds to an output voltage vector.
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The output voltage vector un can be expressed as (6).

un =

√
2
√
3

(
uaej0 + ubej

2π
3 +uce−j

2π
3

)
n = 1, . . . , 27 (6)

where ui (i ∈ {a, b, c}) represents the three-phase output
voltage, respectively.

In addition, the three-phase output voltage can be
expressed as (7). 

ua =
UdcSa
2

ub =
UdcSb
2

uc =
UdcSc
2

(7)

In αβ coordinate system, ua, ub, uc can be expressed as (8).[
uα
uβ

]
=
Udc
√
6

[
1 −1/2 −1/2
0
√
3/2 −

√
3/2

] SaSb
Sc

 (8)

where uα and uβ are the output voltages of the converter.
According to Fig. 1, the voltage relationship of NPC three-

level grid-tied converter can be expressed as (9):

Ldiαβ
dt
= uαβ (k)− Riαβ (k)− eαβ (k) (9)

where Ts is the sampling period. uαβ (k) = [uα(k), uβ (k)]T,
uαβ (k) is the output voltage at kth instant. iab(k) = [iα(k),
iβ (k)]T, iα(k) and iβ (k) are the output currents at kth instant.
eαβ (k) = [eα(k), eβ (k)]T, eα(k) and eβ (k) are grid voltage at
kth instant.

(10) can be deduced with (9).

L[iαβ (k + 1)− iαβ (k)]
Ts

= uαβ (k)− Riαβ (k)− eαβ (k) (10)

where iαβ (k+1)= [iα(k+1), iβ (k+1)]T; iα(k+1)and iβ (k+1)
are the output currents at (k + 1)th instant.

The current prediction expression at (k + 1)th instant can
be calculated as (11):

iαβ (k+1) =
Ts [uαβ (k)−eαβ (k)]

L
+

(
1−

RTs
L

)
iαβ (k) (11)

III. MODEL PREDICTIVE CONTROL BASED ON CURRENT
RECONSTRUCTION
The conventional MPC voltage vector selection is calculated
27 voltage vectors’ cost function and select the optimal vec-
tor, and 12 calculations are required for each period after the
current sensor fails.

To getting the optimal voltage vector, all the predicted
currents at (k + 1)th instant are substituted into the cost
function g to evaluate current control errors. The voltage
vector that minimizes the cost function (12) will be selected
as the optimal vector, which will control the converter at the
next instant.

g = |iαref − iα(k + 1)|+
∣∣iβref−iβ (k+1)∣∣+p |1udc(k+1)|

(12)

where iαref and iβref are the reference currents; p is the weight
factor of voltage balance; 1udc is the voltage error of the
upper and lower capacitor, as (13).1udc(k + 1) = 1udc(k)+ io

io =
Ts(SOA × ia + SOB × ib + SOC × ic)

C

(13)

FIGURE 4. Model predictive current control structure based on current
reconstruction.

And SOX is defined as (14).

SOX =

{
1 SX = 0
0 others

X = A,B,C (14)

where io is neutral point current; C is DC side capacitance.
The selection of the optimal voltage vector takes a lot of

time, resulting in a time delay between the optimal voltage
vector and the actual voltage vector. Therefore, the time delay
is compensated by applying the optimal voltage vector at
(k + 2)th instant, as shown in (15):

iαβ (k+2)=
Ts [uαβ (k+1)−eαβ (k)]

L
+

(
1−

RTs
L

)
iαβ (k+1)

(15)

where iαβ (k+2)=[iα(k+2), iβ (k+2)]T, iα(k+2)and iβ (k+2)
are the output currents of the converter at (k + 2)th instant.
The voltage vector which minimizes the cost function (16)

is selected as the optimal voltage vector.

g =
∣∣iαref −iα(k+2)∣∣+∣∣iβref −iβ (k+2)∣∣+p |1udc(k+2)|

(16)1udc(k + 2) = 1udc(k + 1)+ io

io =
Ts(Sa×ia(k+2)+Sb×ib(k + 2)+ Sb×ic(k + 2))

C
(17)
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MPC structure based on current reconstruction is shown
in Fig. 4, and model predictive current flow based on current
reconstruction is shown in Fig. 5. The control flow of current
reconstruction is as follows:

Step 1: collect grid side voltage e(k), phase a current ia(k),
phase b current ib(k) and DC-link current Idc(k).
Step 2: collect the optimal voltage vector Uj(k) and con-

verter output voltage u(k).
Step 3: calculation of SHA, SHB, SHC.
Step 4: calculate the reconstructed current ia or ib.
Step 5: reconstruct phase c current ic(k).
Step 6: calculate converter output voltage u(k+1), u(k+2).

FIGURE 5. Flow chart of model predictive current control based on
current reconstruction.

Step 7: calculation of neutral point current io(k+1),
io(k+2) and predicted current i(k+1), i(k+2).
Step 8: calculate the cost function g and select the optimal

voltage vector.

TABLE 3. Simulation and experiment parameters.

IV. SIMULATION VERIFICATION
In order to verify the effectiveness of the proposed strategy,
the dynamic and static simulation is carried out by taking the

FIGURE 6. Reconstruction current and reference current: (a) Phase b
reference current ib_ref and reconstruction current ibr ; (b) Phase c
reference current ic_ref and reconstruction current icr .

FIGURE 7. Three-phase current under normal state.

current sensor-b fault as an example. The parameters used in
the simulation system are shown in Table 3.

A. STEADY-STATE SIMULATION RESULTS
Fig. 6 is the simulation waveform of the reconstruction cur-
rent ibr , icr and the reference current ib_ref , ic_ref and their
current error 1i. In Fig. 6(a), the reconstructed phase b cur-
rent ibr can follow with the reference phase b current ib_ref ,
and the maximum current error 1ib is 0.8A. In Fig. 6(b),
the reconstructed phase c current icr can keep up with the
reference phase c current ic_ref , and the maximum current
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FIGURE 8. Reconstruction current after the current sensor-b fault.

FIGURE 9. Dynamic current after the current sensor-b fault.

FIGURE 10. Comparison before and after current reconstruction.

error 1ic is 0.6A. When the reference current iref =10A,
the reconstructed phase b current ibr and phase c current
icr can follow with the reference current. And the current
error is less than 0.8A, which verifies the effectiveness of the
proposed method.

Fig. 7 is the grid side output current waveform ia, ib, ic
before the current sensor-b fault, and Fig. 8 is the recon-
structed grid side output current waveform iar , ibr , icr after
the current sensor-b fault. Under the normal state, the three-
phase current’s total harmonic distortion (THD) is 0.68 %.

After the current sensor-b fault, the reconstructed three-phase
current THD is 2.00 %. Compared with the current under
normal state, the reconstructed three-phase current THD
increases by 1.32 %.

B. DYNAMIC SIMULATION RESULTS
To verify the dynamic performance of the proposed strategy,
Fig. 9 shows the initial reference current iref =10A, and the
reference current drops to 5A at 0.05s; then, the reference
current rises to 10A at 0.1s. In Fig. 9, when the reference
current is changed from 10A to 5A, the reconstructed three-
phase current can keep up with the reference current, and
the three-phase current error is reduced by 0.2A. When the
reference current changes from 5A to 10A, the reconstructed
three-phase current can keep up with the reference current,
and the three-phase current error increases by 0.2A.

Given reference current iref =10A, the dynamic cur-
rent waveforms under normal state, current sensor-b
fault state, and current reconstruction state are shown
in Fig. 10. Within 0.1s∼0.15s, the converter works nor-
mally; within 0.15s∼0.2s, the current sensor-b fails;
within 0.2∼0.25s, the current is reconstructed with the pro-
posed strategy. After the current sensor-b fault, the three-
phase current changes malignant and cannot meet the
requirements of the grid (To show the effect of the recon-
structed current, the peak value of the three-phase current
after the current sensor-b fault is not fully showed). After
the current reconstruction, the gird current returns to normal.
The validity and fault-tolerance of the proposedMPC strategy
based on current reconstruction are verified.

FIGURE 11. Hardware in the loop experimental platform.

Table 4 summarizes the comparison with previous con-
trol strategies aimed at the fault phase current reconstruc-
tion. A control strategy of reconstructing fault phase current
with DC-link current idc and predictive current ib(k) is pro-
posed. However, the fault phase current reconstructed by the
predicted current will lead to current reconstruction error.
A method of inserting single parallel resistance of inverter
and reconstructing fault phase current by using parallel resis-
tance current is proposed. Although the current of a parallel
resistor can reconstruct a three-phase current, it is not suit-
able for a conventional NPC three-level converter. Moreover,
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TABLE 4. Comparison of effects of different current reconstruction
methods on grid-tied system.

the neutral-point current flowing through the resistance will
reduce the efficiency of the conversion system. Compared
with these two methods, the proposed strategy does not pro-
duce current reconstruction error or additional power loss and
is suitable for conventional NPC three-level structure.

V. EXPERIMENT VERIFICATION
Build the hardware in the loop experimental platform to ver-
ify the proposed strategy, as shown in Fig. 11. The platform
uses PXIe-1071 of NI company as a hardware circuit and
controller. The test instrument is the Yokogawa DLM4000
oscilloscope, and the sampling frequency is 10kHz.

A. STEADY-STATE EXPERIMENTAL RESULTS
To verifying the validity of the proposed current recon-
struction strategy, the steady-state control performance is
tested and compared with the conventional NPC three-
level grid-tied strategy. When the reference current is 12A,
Fig. 12 shows the three-phase current and fast Fourier trans-
formation analysis results under the current sensor-b fault
state and current reconstruction state.

In Fig. 12, when the reference current is 12 A, the three-
phase current THD under the current sensor-b fault state is
12.25%, while the current THD under the current recon-
struction state is 3.39%. The error between reference current
and reconstruction current is less than 1A. By comparison,
it can be concluded that the proposed strategy can solve
the problems caused by the current sensor fault because the
DC-link current and the normal phase current can reconstruct
the fault phase current.

B. DYNAMIC EXPERIMENTAL RESULTS
Dynamic experiments further verify the performance of the
proposed strategy. Fig. 13(a) shows the dynamic three-phase
current waveform when the reference current changes from
12A to 10A. Fig. 13(b) shows the dynamic three-phase cur-
rent waveform when the reference current changes from 10A
to 12A.

In Fig. 13, the proposed strategy can follow the reference
current regardless of whether the reference current increases
or decreases. When the reference current amplitude changes,

FIGURE 12. Steady-state experimental results of current sensor-b fault
when the reference current is 12A: (a) Three-phase current after current
sensor-b fault; (b) Three-phase current reconstruction after current
sensor-b fault.

FIGURE 13. Dynamic experimental results of current reconstruction after
current sensor-b fault: (a) The reconstructed three-phase current
decreases from 12A to 10A; (b) The reconstructed three-phase current
rises from 10A to 12A.

the reconstructed three-phase current error is less than 1A.
The proposed method can perform fault-tolerant control only
with 12 voltage vectors after the current sensor fault.
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FIGURE 14. Comparison before and after current reconstruction.

Fig. 14 shows the dynamic control process of the proposed
MPC strategy after the current sensor-b fails. After the current
sensor-b fails, the three-phase current changes seriously and
cannot be connected to the grid. After current reconstruc-
tion, the three-phase current obviously returns to the normal
working state, which further verifies the effectiveness of the
proposed method.

VI. CONCLUSION
The controller of NPC three-level grid-tied converter needs
the grid side current signal. Once the current sensor fails, the
current generated by the converter will significantly impact
the grid. An MPC strategy based on current reconstruction is
proposed to ensure the NPC three-level grid-tied converter’s
continuous operation after the current sensor fault. Simula-
tion and experimental platforms are built, and the perfor-
mance of the proposed control method is tested.

1. The relationship amongDC-link current, AC current and
voltage vector is analyzed. After the current sensor fault, the
voltage vector set comprises voltage vectors directly related
to fault phase current. Fault phase current is calculated by
DC-link current and normal phase current.

2. A current predictive control model based on voltage
vector set and current reconstruction is designed. And MPC
current based on current reconstruction for NPC three-level
grid-tied converter is proposed, and the cost function selects
the optimal voltage vector.

3. Simulation and experimental results show that the pro-
posed strategy can adjust the reconstructed current with the
voltage vector set after the current sensor fault. The control
strategy improves the continuous operation ability and fault
tolerance of NPC three-level grid-tied converter.
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