
Received September 26, 2019, accepted October 23, 2019, date of publication November 7, 2019,
date of current version November 19, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2952189

A Multi-Layer Sequential Model Predictive
Control of Three-Phase Two-Leg Seven-Level
T-Type Nested Neutral Point Clamped
Converter Without Weighting Factors
WENJIE WU , DAN WANG , (Senior Member, IEEE), AND LU LIU, (Student Member, IEEE)
School of Marine Electrical Engineering, Dalian Maritime University, Dalian 116026, China

Corresponding authors: Dan Wang (dwang@dlmu.edu.cn) and Lu Liu (luliu@dlmu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61673081, Grant 51979020,
Grant 51909021, Grant 51579023, and Grant 51939001, in part by the Innovative Talents in Universities of Liaoning Province under
Grant LR2017014, in part by the Science and Technology Fund for Distinguished Young Scholars of Dalian under Grant 2018RJ08, in part
by the Stable Supporting Fund of Science and Technology on Underwater Vehicle Technology under Grant JCKYS2019604SXJQR-01,
in part by the Training Program for High-level Technical Talent in Transportation Industry under Grant 2018-030, in part by the National
Key Research and Development Program of China under Grant 2016YFC0301500, in part by the Fundamental Research Funds for the
Central Universities under Grant 3132019319, and in part by the China Postdoctoral Science Foundation under Grant 2019M650086.

ABSTRACT In this paper, a triple-layer sequential model predictive control (SMPC) approach without
weighting factors is proposed for a three-phase two-leg 7-level T-type nested neutral point clamped
(T-NNPC) converter. The main objectives of this paper are to eliminate the selection of weighting factors
and enhance the reliability of system in the control process. In the proposed design, three cost functions
are formulated in a cascaded way to avoid the weighting factors tuning while not compromising the
computational complexity. Furthermore, the three-phase two-leg 7-level T-NNPC converter is investigated
to improve the fault-tolerance ability in case of a faulty leg condition. Finally, the effectiveness of the control
methodology for the three-phase two-leg 7-level T-NNPC converter is validated by comparative simulation
studies.

INDEX TERMS T-type nested neutral point clamped (NNPC) converter, fault tolerant operation, weighting
factor elimination, low switching frequency.

I. INTRODUCTION
Multilevel voltage source converters (VSCs) are attractive
and widely accepted for high-power medium-voltage appli-
cations, such as transmission systems, static synchronous
compensator and wind turbine applications. Meanwhile, new
power converter topologies and latest achievements in terms
of control have expanded the application of the multilevel
converters to renewable energy conversion, machine drives,
among others. Compared with conventional two-level con-
verters, the multilevel converters have a better harmonic per-
formance of the output waveforms, higher operating voltages,
lower switching loss, and reduced size of output filter ele-
ments and interface transformers [1]–[4].
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Due to the prominent features, a growing body of multi-
level topologies have been proposed and developed over the
past decades. Typically, the flying capacitor (FC) converter,
neutral-point-clamped (NPC) converter, and the cascaded
H-bridge (CHB) converter are regarded as the classical mul-
tilevel converters and successfully commercialized in manu-
facturing. However, significant drawbacks of these classical
topologies limit their applications for high power density and
voltage levels. To be specific, the number of FCs increases
substantially for FC topology operating at a higher number
of voltage levels, which decreases the reliability of the sys-
tem. The using of NPC converter for higher power density
system requires a large number of clamping diodes. Besides,
the requirement of balancing the dc-link capacitor voltages
needs an additional control. For the CHB converter, several
isolated dc sources generated by the bulky phase-shifting
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TABLE 1. Number of components in different 7-level topologies.

transformer are mandatory, which increases the cost and vol-
ume of the system [5]–[8].

To mitigate aforementioned issues, a variety of advanced
multilevel converters have been studied in the literat-
ure [9]–[33]. Among them, modular multilevel converter
(MMC), active neutral-point-clamped (ANPC) converter, and
nested neutral point-clamped (NNPC) multilevel converter
gain increasing attention from both academia and industry.
MMC is a modular topology and exhibits better scalabil-
ity, flexible redundant operations and strong fault-tolerance
compared with other power converter topologies [9]–[11].
These prominent features of MMC make it especially well
suitable for high-voltage direct current (HVdc) transmis-
sions. The ANPC andNNPC converter overcome the inherent
drawbacks of conventional multilevel topologies. The bal-
anced dc-link capacitor voltages and identical distribution of
power losses can be achieved in the ANPC and NNPC con-
verter, while the bulky and expensive transformer is not nee-
ded [12]–[14]. Despite the MMC, ANPC, and NNPC
converters have less proportion of clamping diodes and FCs,
the number of switching devices still remains high.

Among the modified multilevel topologies, a newly devel-
oped 7-level T-type NNPC (T-NNPC) converter, which is first
introduced in the literature [15], gains much attention. The
single-phase diagram of this topology is shown in Fig. 1.
The 7-level T-NNPC converter is developed from a six-
level converter in [16]. The prominent feature of this topol-
ogy is a less proportion of components in comparison to
other existing 7-level converters, as illustrated in Table 1.
As depicted in Fig. 1, each phase of the 7-level T-NNPC
converter consists of eight switching devices and four FCs.
Compared with the classical NPC converter [17], FC con-
verter [18], and advanced hybrid 7-level topologies [19], [20],
the 7-level T-NNPC converter has a significant reduction
in the number of power devices and FCs, which enables
a further volume saving and reliability improving. Besides,
the isolated dc sources are not needed in this topology as
comparedwith the CHB converter. Due to the aforementioned
advantages and the ability to operate over a wide range of
voltages, the 7-level T-NNPC converter emerges as a low-
cost and high-performance solution for the medium-voltage
applications.

FIGURE 1. Single-phase diagram of 7-level T-NNPC converter [15].

The operation principle of this topology under normal
operation condition is well discussed in [15]. However, due to
the inevitably damage in switching devices, the investigation
of fault-tolerant topology and corresponding control algo-
rithm for multilevel converters is of great significance. In this
sense, the three-phase two-leg converter can be regarded as
a post-fault reconfigured topology for the traditional three-
phase three-leg converter in case of a faulty leg condition.
With attempt to ensure continuous operation and mitigate
performance degradation of the multilevel converter under
faulty leg conditions, substantial modified control schemes
have been proposed, such as pulse width modulation (PWM)
technology and space vector modulation (SVM) scheme.
A fault-tolerant PWM control strategy is proposed in [22] for
four-switch three-phase converter. In [23], a new active fault-
tolerant SVPWM control strategy for a hybrid seven-level
converter is proposed for dealing with single phase short-
and open-circuit faults, where the reliability and robustness
of the converter is improved by introducing an offset vector.
However, all the control schemes mentioned above are based
on linear control method, where the control performance is
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FIGURE 2. Implementation steps of FCS-MPC strategy for power
converters.

greatly depended on the proper tuning of control parameters
as well as the type of modulation scheme [24].

Recently, thanks to the development of fast digital pro-
cessors, some intelligent algorithms can be implemented in
real-time system. Among them, finite control set model pre-
dictive control (FCS-MPC), as a nonlinear control strategy,
emerges as another powerful solution for power converters.
The FCS-MPC approach takes advantages of discrete nature
and limited switching states of power converters, and thus,
the tuning of PI regulators and designing ofmodulators can be
eliminated. Meanwhile, the FCS-MPC method has the merits
of flexibility to satisfy system constraints and nonlinearities,
ability to handle multiple control objectives through a cost
function while keeping a fast dynamic response [25]–[27].

The basic operation principle of FCS-MPC approach is
illustrated in Fig. 2. Twomain steps are involved in the control
process: i) prediction; ii) optimization. The future behaviors
of control variables are first predicted through a discrete-
time domain mathematical model in the prediction process.
Then, to obtain a desired control performance, a cost function
is established in the optimization process by comparing the
predictive and reference value of control variables. The con-
trol action which minimizes the predefined cost function is
defined as optimum and applied to the converter at next sam-
pling instant. Due to the intuitive concept and excellent con-
trol performance, the FCS-MPC scheme is widely accepted
in the control of multilevel converters, such as FC con-
verter, NPC converter, ANPC converter, MMC, and NNPC
converter [28]–[33].

Even though the FCS-MPC scheme is easy to understand
and seems promising, the large computational burden, selec-
tion of optimal weighting factors (WFs), and high switch-
ing frequency (SF) are main challenges, which hinder the
application of FCS-MPC scheme [30]. Besides, the faulty
leg operation condition have been proven to be one of the
greatest challenges for multilevel converters, which increases
the control complexity of the FCS-MPC approach [31].

To mitigate these issues, several modified FCS-MPC
schemes have been presented for relieving the computational
complexity and determining the desired WFs in an efficient
manner. The fast MPC method deployed in [9] decreases the
finite control-set from all available switching states, which
results in a significant reduction in computational burden.

However, the appropriate values of several involved WFs
are difficult to select. Different from [9], the WFs can be
eliminated in [10], [11] by using a cascaded control structure
for MMC. Due to the distinct operation principles, it cannot
be implemented in the 7-level T-NNPC converter. Besides,
these methods mentioned above are focused on the control
in normal condition without fault-tolerant operation. Very
recently, a sequential model predictive control (SMPC) is
proposed in the control of electrical drives in [34], [35]. Two
cost functions for separately minimizing the torque and flux
tracking error are evaluated in a cascaded way, which results
in the elimination of WFs. However, there is no previous
attempt to use SMPC to control the multilevel converters.

This paper proposed amulti-layer sequential model predic-
tive direct power control (S-MPDPC) for a three-phase two-
leg 7-level T-NNPC converter. The main contributions of this
paper are summarized as follows:

i) A novel triple-layer S-MPDPC approach is proposed in
this paper for three-phase two-leg 7-level T-NNPC con-
verter. Multiple control objectives including grid-side
powers tracking, FCs voltage balancing, dc-link capac-
itor voltages regulation, and SF reduction are well ful-
filled without including WFs. The proposed S-MPDPC
algorithm changes the structure of the cost function
rather than thinking of different ways of obtaining opti-
malWFs. Dealingwith the same challenge, the proposed
design can provide a comparable control performance
with less tuning efforts as compared with conventional
WF-based FCS-MPC scheme.

ii) A fault-tolerant three-phase two-leg topology is inves-
tigated for post-fault operation of the 7-level T-NNPC
converter under faulty leg conditions. The detailedmath-
ematic model of the investigated topology is established
in this paper for dc-link capacitor voltages balancing and
control performance improving.

The reminder of this paper is organized as follows. The
operation principle and mathematic model of the three-phase
two-leg 7-level T-NNPC converter are analyzed in Section II.
The multi-layer S-MPDPC controller design is briefly intro-
duced in Section III. The simulation results in comparison
to the traditional three-phase three-leg topology and con-
ventional WF-based FCS-MPC method are investigated in
Section IVwith aim to verify the performance of the proposed
method. Section V concludes this paper.

II. OPERATION PRINCIPLE AND MATHEMATIC MODEL
OF THE THREE-PHASE TWO-LEG 7-LEVEL
T-NNPC CONVERTER
A. OPERATION PRINCIPLE ANALYSIS
The configuration of the three-phase two-leg 7-level T-NNPC
converter is shown in Fig. 3. As seen in Fig. 3, only two phase
legs are connected to the ac grid-side, while the third phase
is tapped from the mid-point of the dc-link (o). The dc-side
consists two capacitors (Cd1 and Cd2) with a rating of Vdc/2
and a passive load. Each leg of the converter is realized by
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FIGURE 3. Power circuit of the three-phase two-leg 7-level T-NNPC converter.

TABLE 2. The switching states and corresponding vectors of the 7-level T-NNPC converter [15].

using eight power devices and four FCs. By charging the
outer FCs Cj1, Cj2 to one-third of the dc-bus voltage (Vdc/3),
inner FCs Cj3, Cj4 to one-sixth of the dc-bus voltage (Vdc/6),
j = a, b, c, seven voltage levels with a step of Vdc/6 can be
achieved in the phase out terminal.

Table 2 shows the relationship of the switching states in the
7-level T-NNPC converter with their corresponding output
levels. As shown in Table 2, seven output levels are generated
by a combination of 12 switching states. Redundant switching
states only appear in the intermediate level 2, 3 and 4. Even
though the redundancy produces an identical voltage at the
phase output terminal, each of them has a specific effect on

the FCs voltage respect to the signal of phase current. Thanks
to the unique characteristic of the redundancy in multilevel
converters, the FCs voltage can be balanced by selecting
proper redundant switching states.

B. MATHEMATICAL MODEL OF THE THREE-PHASE
TWO-LEG 7-LEVEL T-NNPC CONVERTER
To obtain the future behaviors of control objectives in
FCS-MPC approach, a discrete-time model of control vari-
ables including grid-side powers, FCs voltage, and the
dc-link capacitor voltages is introduced in this subsection.
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The mathematical model is derived from the system parame-
ters, measured variables, and available switching states.

1) MODELING OF GRID-SIDE POWERS
According to the Kirchhoff’s voltage law (KVL) in Fig. 3,
the dynamic behavior of phase-j in stationary abc frame are
given by

Van = ea − Ria − L
dia
dt

Vbn = eb − Rib − L
dib
dt

Vcn = ec − Ric − L
dic
dt

(1)

where Van, Vbn, and Vcn are the phase-to-neutral voltages. ea,
eb, and ec are the grid-side voltage of each phase. ia, ib, and
ic are the grid-side currents of three phase. R and L are the
grid-side resistance and inductance, respectively.

The phase-to-neutral voltages Vjn can be expressed in
terms of phase-to-midpoint voltage Vjo and a common-mode
voltage Von, as given by

Van = Vao + Von
Vbn = Vbo + Von
Vcn = Von. (2)

Here, due to the phase-c is directly connected to the midpoint
of dc-link, thus Vco = 0. Under the balanced grid-side
conditions, the summation of three phase voltage and current
equals to zero (i.e. Van + Vbn + Vcn = 0, ia + ib + ic = 0).
Thus, the common-mode voltage in (2) can be deduced by

Von = −
Vao + Vbo

3
. (3)

Table 3 shows the switching vectors and their correspond-
ing phase-to-midpoint voltage Vjo of the 7-level T-NNPC
converter. By employing distinct switching state, different
FCs are incorporated into the current path. The detailed
relationship between Vjo and switching states is summarized
in (4).

Vjo = VCd1 (Sj1)+ VCd2 (Sj1 − 1)

+VCj1 (Sj2 − Sj3 − Sj4 + Sj6)+ VCj2 (Sj6 − Sj5)

+VCj3 (Sj3 − Sj2)+ VCj4 (Sj5 − Sj4). (4)

Here, VCd1 and VCd2 are the voltages of two dc-link capac-
itors, respectively. VCjx is the voltage of FC Cjx in phase-j,
x = 1, 2, 3, 4.

Combining the analysis above, the continuous-time
domain dynamic model of grid-side current in αβ stationary
frame can be deduced as

dig
dt
=

1
L
eg −

R
L
ig −

1
L
Vg (5)

TABLE 3. Phase output voltage of different switching vectors.

where Vg is the voltage vector in αβ stationary frame, it’s α−
and β−axis component are calculated by

[
Vgα
Vgβ

]
=

2
3

 1 −
1
2
−

1
2

0

√
3
2
−

√
3
2


VanVbn
Vcn

 . (6)

For the purpose of implementing the FCS-MPC approach,
the continuous-time model needs to be transformed to
the discrete-time domain through a Euler approximation
approach. It yields

dij
dt
=
ij(k + 1)− ij(k)

Ts
(7)

where, Ts denotes the system sampling time.
The discrete-time model of grid-side current is deduced by

substituting (7) into (5), as given by

ig(k + 1) =
Ts
L
(eg(k)− Vg(k))+ (1−

RTs
L

)ig(k). (8)

The dynamic behavior of grid-side active power and reac-
tive power (represented by p and q) can be deduced according
to the instantaneous power theory, as shown in (9){

p = 1.5(egαigα + egβ igβ ) = 1.5Re(i∗geg)
q = 1.5(egβ igα − egαigβ ) = 1.5Im(i∗geg).

(9)

In digital application, the sampling frequency usually is
much higher, thereby the grid voltage is assumed to remain
constant among contiguous sample instant. Then the predic-
tive values of active power and reactive power in (k + 1)th
sample instant (represented by p(k + 1) and q(k + 1)) can be
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calculated by{
p(k + 1) = 1.5(egα(k)igα(k + 1)+ egβ (k)igβ (k + 1))
q(k + 1) = 1.5(egβ (k)igα(k + 1)− egα(k)igβ (k + 1)).

(10)

Equation (10) indicates that the future behavior of active
and reactive powers can be predicted by using the measured
variables and switching states.

2) MODELING OF FCs VOLTAGE
As analyzed above, the voltages of four FCs in each phase are
affected by the applied switching state and the signal of phase
current. To proper regulate these FCs voltage, a discrete-time
domain model of FCs is established in this subsection.

The dynamic behavior of capacitor voltage in continuous-
time domain is given by

VCjx(t) = VCjx(0)+
1
C

∫ t

0+
iCjx(τ ) dτ. (11)

Here, VCjx(0) denotes the initial value of capacitor volt-
age. C is the capacitance of FCs. iCjx is the current flow-
ing through capacitor VCjx . The capacitor is charged and
discharged according to the internal switch state and the
direction of phase current. Thus, the one-step prediction of
capacitor voltage in discrete-time domain is deduced from
(11) as

VCjx(k + 1) = VCjx(k)+
Ts
C
iCjx(k) (12)

where VCjx(k + 1) and VCjx(k) denote the predictive and
measured capacitor voltage, respectively.

The currents flowing through four FCs in phase-j are deter-
mined by

iCj1 (k) = (Sj2 − Sj1)ij(k)

iCj2 (k) = ((Sj2||Sj7)− Sj1)ij(k)

iCj3 (k) = (Sj3 − Sj2)ij(k)

iCj4 (k) = (Sj3 − (Sj2||Sj7))ij(k). (13)

3) MODELING OF DC-LINK CAPACITOR VOLTAGE
The dc-link of the three-phase two-leg topology is composed
of two capacitors Cd1, Cd2 with the capacitance of Cd . Due
to the special structure, the balancing of these two capaci-
tors voltage should be considered. Same as the procedure to
deduce the discrete-time model for FC voltage, the discrete-
time dynamic equations for dc-link capacitor voltage are
given by

VCd1 (k + 1) = VCd1 (k)+
Ts
Cd

iCd1 (k)

VCd2 (k + 1) = VCd2 (k)+
Ts
Cd

iCd2 (k) (14)

where VCdi (k + 1), VCdi(k) are the predicted and measured
values of two dc-link capacitor voltages, respectively, i =
1, 2. iCd1 and iCd2 are the upper and lower capacitor currents,

respectively. The positive direction of two capacitor currents
are shown in Fig. 1, and their values are given by

iCd1 (k) = Sa1ia(k)+ Sb1ib(k)− (VCd1 (k)+ VCd2 (k))/RL
iCd2 (k) = (Sa1 − 1)ia(k)+ (Sb1 − 1)ib(k)

−(VCd1 (k)+ VCd2 (k))/RL . (15)

III. MULTI-LAYER S-MPDPC CONTROLLER DESIGN FOR
THE THREE-PHASE TWO-LEG 7-LEVEL
T-NNPC CONVERTER
A. CONVENTIONAL MPDPC SCHEME FOR THREE-PHASE
TWO-LEG CONVERTER
To obtain a desired control performance, the cost func-
tions are established in this section for selecting the optimal
switching state. The control diagram of the conventional
WF-based MPDPC is illustrated in Fig. 4(a). In the con-
ventional MPDPC approach, multiple control objectives are
incorporated into a single cost function in conjunction with
corresponding WFs, as given by

g = λp
∣∣pref (k+1)−p(k + 1)

∣∣+λq ∣∣qref (k + 1)−q(k + 1)
∣∣

+λc
∑
j=a,b

4∑
x=1

∣∣VCjx (k + 1)− V ∗C
∣∣

+λd

2∑
i=1

∣∣∣VCdi (k + 1)− V ∗dc/2
∣∣∣. (16)

Here, λp, λq, λc, λd areWFs corresponding to each control
variables, V ∗C is the reference value of FCs voltage, pref (k+1)
and qref (k + 1) are the reference active and reactive powers,
respectively. In the conventional MPDPC scheme, multiple
control objectives are well satisfied by tuning theWFs appro-
priately. However, due to the different characteristics of each
control variable, the variance of specific control variable will
also affect the performance of other control objective simul-
taneously [36]. Since the WFs have a crucial effect on the
quality of control objectives, the selection of these parameters
has become the important task in the FCS-MPC designing.

B. PROPOSED MULTI-LAYER S-MPDPC APPROACH FOR
THREE-PHASE TWO-LEG CONVERTER
To circumvent this issue, a novel control structure is pro-
posed in this paper. The control diagram of the proposed
multi-layer S-MPDPC is illustrated in Fig. 4(b). In the mod-
ified S-MPDPC approach, apart from the control objectives
in (16), the SF reduction is also considered. Multiple control
objectives are divided into three separated groups correspond-
ing to the regulation of capacitor voltages, tracking of grid-
side powers, and the reduction of SF. Three independent cost
functions F1, F2, and F3 are employed in a cascaded structure
as shown in Fig. 4(b), such that the WFs are eliminated in the
control process. The detailed cost function design is given as
follows.
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FIGURE 4. Control block diagrams for (a) conventional WF-based MPDPC and (b) proposed multi-layer S-MPDPC.

1) CAPACITOR VOLTAGE BALANCING RELATED COST
FUNCTION DESIGN
The balanced capacitor voltage is the basis for proper opera-
tion of the multilevel converters. In this design, the FCs volt-
age balancing and the dc-link capacitor voltages regulation
are considered simultaneously. Similar to the cost function in
(16), the capacitor voltage related cost function F1 is given by

F1=
∑
j=a,b

4∑
x=1

∣∣VCjx (k+1)−V ∗C ∣∣+ 2∑
i=1

∣∣∣VCdi (k+1)−V ∗dc2 ∣∣∣.
(17)

2) POWERS TRACKING RELATED COST FUNCTION DESIGN
To obtain a desired grid-side powers performance, the powers
tracking related cost function F2 is designed in such a way
that the predictive active and reactive powers at the end of
this control interval are as close as possible to their reference
values. Besides, it is well known that the one-step delay in
digital implementation should be considered in the design of
predictive strategy. To compensate for this delay and obtain

a better control performance, the active and reactive powers
are predicted for the future (k + 2)th instant in this design.

F2=
∣∣pref (k+1)−p(k+2)∣∣+∣∣qref (k+1)−q(k+2)∣∣ . (18)

3) SWITCHING FREQUENCY REDUCTION RELATED COST
FUNCTION DESIGN
Since the optimal switching state is determined indepen-
dently during adjacent control interval in the conventional
MPDPC scheme, thus the induced switching frequency is
pretty high. To mitigate this issue, an additional cost function
is established in this subsection so as to reduce the changes
of switching states.

F3 = |Si − Sold | . (19)

where Si is the switching state of next sample instant and Sold
represents the applied switching state from previous control
period.

As illustrated in Fig. 4(b), in the optimization process,
the cost function F1 is first evaluated by enumerating all the
available switching states of the converter. N switching states
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that produce smaller values for capacitor voltage related cost
function F1 are pre-selected, and then, delivered to next
control step. Afterward, these switching states are further
optimized by evaluating the power tracking related cost func-
tion F2, K switching states giving smaller values for F2 are
selected and delivered to next control step. Finally, the opti-
mal switching state which minimizes the cost function F3 is
determined and applied to the converter.

It is worth noting that a larger N or a smaller K means
higher priority for the power tracking performance performed
inF2, which leads to a better active/reactive powerwaveforms
and grid-side current quality. At the same time, the perfor-
mance of dc-bus voltage and FCs voltage is compromised due
to the fact that the final select switching state may leads to a
high value of cost function F1. If all the available switching
states are selected in F1 and only one switching state is
optimized from F2, it means that the objective of capacitor
voltage balancing and the SF reduction are totally abandoned
in the optimization process. Conversely, for an extreme case
of only one switching state is selected in F1, the capaci-
tor voltage regulation has highest priority and the system
losses the ability for grid-side powers control. To obtain a
comparable dc-bus voltage and balanced FCs voltage, the N
is not recommended larger than the half number of total
available switching states. Besides, on the grounds that the
reduction of SF will affect the quality of grid-side powers and
capacitor voltages,K is not recommended larger than 7 in this
design.

4) DESIGN STEPS
The designing process of the proposed multi-layer S-MPDPC
approach involves various steps. To further indicate how the
proposed algorithm works, complete design steps are given
as follows:

1) Measure the grid-side voltage and currents eabc, iabc,
capacitor voltages VCjx , VCdi at the kth sampling instant;

3) Calculate the voltage vector Vg;
4) Predict the future behaviors of capacitors voltage VCjx ,

VCdi based on (12) and (14), respectively;
5) Evaluate all the available 144 (122) switching states for

capacitor voltage balancing related cost function (17)
and pre-select the N desired switching states producing
smallest value over the other states;

6) Calculate the predicted values of active and reactive
powers at (k + 2)th;

7) Evaluate pre-selected N switching states for power
tracking related cost function (18). K switching states
that give smallest values for (18) are selected and
delivered;

8) Evaluate K switching states for SF reduction related
cost function (19). The desired switching state which
gives minimization value for (19) is selected as the final
optimal state and applied in the next control period.

In the control process, the total computational cost is no
more than (144+ N + K ) in this design.

FIGURE 5. Simulation results for traditional three-phase three-leg 7-level
T-NNPC converter. [(a) grid-side active and reactive powers,(b) dc-bus
voltage, (c) three-phase grid-side currents, (d) capacitor voltages of
phase-a.]

TABLE 4. System parameters.

IV. SIMULATION RESULTS
The comparison simulation studies are performed to vali-
date the effectiveness of the proposed multi-layer S-MPDPC
scheme by using theMatlab/Simulink software. Themain cir-
cuit parameters and operation conditions are listed in Table 4.
Since the selection of WFs is still an open question, there is
no definitive solution to establish an optimal WF to satisfy
multiple control objectives simultaneously. For fair assess-
ing the proposed scheme, the optimization of four WFs
in conventional MP-DPC cost function shown in (16) are
determined based on the principle introduced in [15]. In this
design, coefficients λp, λq, λc, λd in (16) are 1, 1, 50, 20,
respectively. To obtain a comparable performance of multiple
control objectives, N and K in this design are set to 40, 3,
respectively.

A. COMPARATIVE SIMULATION RESULTS WITH
TRADITIONAL CONVERTER
The comparison simulation studies for the traditional three-
leg based converter and the investigated two-leg based
structure is performed in this subsection. Fig. 5 shows the
simulation results of the traditional three-phase three-leg
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FIGURE 6. Simulation results for three-phase two-leg 7-level T-NNPC
converter. [(a) grid-side active and reactive powers,(b) dc-bus voltage,
(c) three-phase grid-side currents, (d) capacitor voltages of phase-a.]

converter with the conventional WF-based FCS-MPC
scheme. Fig. 6 shows the simulation results of the three-phase
two-leg topology with the proposed S-MPDPC approach,
both studies are conducted under the balanced grid-side
voltage conditions. The reference reactive power is set to 0 for
unit power factor operation in both studies.

As depicted in figures, active power, reactive power, and
dc-bus voltage remain almost constant in both scenarios. The
waveforms of current indicate that both schemes can provide
satisfactory control performance in terms of symmetrical and
sinusoidal grid-side current. The total harmonic distortion
(THD) of the three-leg based converter is 0.42%, as shown
in Fig. 5. The THD of the three-phase two-leg topology is
0.58%, and the harmonic performance is illustrated in Fig. 7.
It can be concluded that the three-phase two-leg topology
can provide a comparable performance in terms of high grid-
side current quality as compared with the traditional three-
leg based converter. Besides, the voltages of four FCs in
phase-a are well regulated at their nominal values with less
fluctuation, as displayed in Fig. 5 and Fig. 6. The results
reflect that although only two phase legs are deployed in
the three-phase two-leg fault-tolerant structure, a comparable
performance can be achieved in comparison to the traditional
three-phase three-leg converter.

B. COMPARATIVE SIMULATION RESULTS WITH
CONVENTIONAL MPDPC METHOD
Fig. 8 and Fig. 9 demonstrate the steady-state and transient-
state performance of the conventional WF-based MPDPC
scheme and the proposed multi-layer S-MPDPC approach
by using the three-phase two-leg 7-level T-NNPC topology.
Initially, the reference dc-bus voltage is set to 500 V , multiple
control objectives are well satisfied under the steady-state in
both algorithms. The dc-bus voltage steps 500 to 550 V at
t = 1.5 s, the grid-side active power, currents, and FCs voltage

FIGURE 7. Harmonic spectrum of grid-side currents with the proposed
S-MPDPC approach.

are correspondingly increased, as shown in Fig. 8 and Fig. 9.
Compared with the convention WF-based MPDPC, the pro-
posed scheme produces a comparable transient performance,
with less active, reactive power fluctuations as well as dc-bus
voltage decrease after the step in dc-link voltage variation,
as depicted in Fig. 9. For specific, the conventionalWF-based
MPDPC scheme leads to a 34.3% overshoot of active power
and a 13% degradation of dc-bus voltage, while the active
power overshoot and variation percentage in dc-bus voltage
of the proposed S-MPDPC approach are 23.3% and 7.2%,
respectively. However, due to the optimal switching state is
restrained by the SF reduction criterion employed in the pro-
posed S-MPDPC approach, the transient-state performance
of the FCs voltage is slightly decreased, as displayed in Fig. 9.

C. DC-LINK CAPACITOR VOLTAGE REGULATION
In the proposed design, the dc-link capacitor voltage is con-
sidered in the cost function F1, as shown in (17). To exam
the effectiveness of the proposed algorithm for the dc-link
capacitor voltage regulation, the comparative simulation with
conventional WF-based MPDPC approach and proposed
S-MPDPCmethod is carried out in this subsection. Fig. 10(a)
shows the simulation result of the conventional WF-based
MPDPC approach. In this sense, the dc-link capacitor
voltages are regulated by the WF λd in (16). As depicted
in Fig. 10(a), an obvious dc offset is existed between the two
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FIGURE 8. Simulation results for conventional WF-based MPDPC method:
transient-state performance. [(a) grid-side active and reactive
powers,(b) grid-side voltage and current, (c) dc-bus voltage, (d) voltages
of outer FCs, (e)voltages of inner FCs.]

FIGURE 9. Simulation results for proposed S-MPDPC method:
transient-state performance. [(a) grid-side active and reactive
powers,(b) grid-side voltage and current, (c) dc-bus voltage, (d) voltages
of outer FCs, (e)voltages of inner FCs.]

dc-link capacitor voltages. Fig. 10(b) shows the simulation
result of the proposed S-MPDPC approach. Due to the incor-
poration of the dc-link capacitor voltage regulation criterion
in (17), the waveform of two capacitors voltages are balanced
and symmetrical, while the WF is eliminated.

D. SF REDUCTION
Due to the implementation of FCS-MPC approach results in
a variable SF, thereby the concept of average SF is introduced
to assess the power loss in this subsection. The average SF is
calculated by (20)

favg =
favg,a + favg,b

2
=

∑
j=a,b

8∑
s=1

Njs
161T

. (20)

FIGURE 10. Simulation results for three-phase two-leg 7-level T-NNPC
converter. [(a) conventional WF-based MPDPC approach, (b) proposed
S-MPDPC approach.

FIGURE 11. Impacts of different values of K.

Here, favg,a and favg,b are the average SF of phase-a and
phase-b, respectively. Njs denotes the number of commuta-
tions in upper leg of switch Sjs, 1T is the time interval.
As analyzed above, the restrain on the SF will affect the
power quality of the converter to a certain degree. To exam the
power tracing accuracy, a performance metrics named active
power tracking error (%ep) is concerned in this design. The
calculation of %ep is given by

%ep =

1
n

n∑
k=0
|P∗(k)−P(k)|

P∗ × 100. (21)

Fig. 11 illustrates the impacts of different K on the control
performance in terms of SF, active power tracking error %ep,
and THD. As mentioned above, K is not recommended larger
than 7. In the case of K = 1, which means that the SF reduc-
tion is not considered in the optimization process. At this time
the %ep is 0.433%, THD is 0.58%, favg is 2317. The high
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power quality is obtained through frequent switching actions.
In the case ofK = 2, the SF reduction is incorporated into the
optimization criterion, thus the SF is dramatically reduced to
1652. However, due to the restrain on the optimal switching
state, the control performance of power tracking error and
THD is slightly decreased, as displayed in Fig. 11. In this
design, the K is set to 3, at this time the SF is reduced to
1358 while %ep = 0.618%, THD = 1.01%, which are
acceptable. Under some specific scenario, the SF can be
further restrained by increasing K . However, even though
the grid-side current can provide a satisfactory performance,
the active power fluctuation is correspondingly increased and
being impracticable.

V. CONCLUSION
This paper proposes amulti-layer sequential model predictive
control (SMPC) without weighting factors (WFs) for a three-
phase two-leg 7-level T-NNPC converter. The novelty of this
paper lies not only in a multi-objectives optimization design
that eliminates the WF by using a cascaded control structure,
but also in investigating a post-fault structure so as to improve
the fault-tolerant ability of the 7-level T-NNPC converter.
Finally, the proposed multi-layer SMPC and investigated
fault-tolerant structure are tested under various operating con-
ditions to confirm the effectiveness.
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