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Abstract—Due to the existence of the neutral point (NP) voltage,
controlling the three-level inverters has essentially become a mul-
tiobjective optimization problem (MOOP) that needs to provide
stable output voltages for the load and maintain the NP volt-
age simultaneously. Traditionally, this MOOP is converted into a
single-objective optimization problem by weighting factors. How-
ever, since the physical dimensions of the two control objectives
are usually different, it is challenging to choose proper weighting
factors to obtain a satisfactory performance according to a specific
theory. To address this issue, a tolerant sequential model predictive
control (TSMPC) utilizing a lexicographic optimization method is
proposed in this article. This method establishes two distinct layers
for the output voltage and NP voltage, arranging them in sequence
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according to the importance of control objectives to evaluate all
voltage vectors. By using an explainable tolerance value rather than
conventional weighting factors, the proposed TSMPC algorithm
presents superior performance over traditional MPC approaches.
Finally, the feasibility and effectiveness of the proposed TSMPC
algorithm have been verified through relevant experiments and the
stability of this algorithm has also been analyzed.

Index Terms—Lexicographic optimization method, model
predictive control (MPC), multiobjective optimization problem
(MOOP), weighting factors.

I. INTRODUCTION

AMIDST the global shift towards low-carbon energy and
the pursuit of carbon neutrality, transitioning the energy

landscape of the transportation and power generation sectors is
extremely crucial. Because these two sectors are significant con-
sumers of conventional fossil fuels, research into transportation
electrification and renewable energy generation technologies
has become very popular [1], [2], [3], [4]. Inverters, as the
critical link between dc and ac systems, have emerged as vital
components in renewable energy generation systems and electric
vehicles [5], [6]. Meanwhile, strategies for controlling inverters
have been explored continuously. Proportional-integral control,
a linear control algorithm, is widely used in industry due to
its relatively simple control principles and low computational
requirements [7], [8], [9], [10]. However, there exists a trade-off
between the steady-state and dynamic performances of this algo-
rithm. In addition, the inadequate performance of systems with
strong nonlinearity, which proves challenging to approximate
linearly, is also a significant issue that cannot be overlooked [11],
[12]. As the pursuit of better performance on nonlinear systems
intensifies, and thanks to the enhancement of the computing
power of microprocessor chips, model predictive control (MPC)
is beginning to be widely used in power electronics because of
its good performance on multivariable and nonlinear systems
[13], [14], [15].

Compared with conventional two-level inverters, three-level
inverters have the advantages of higher efficiency and lower
ripple, but they also introduce a new control objective—the
neutral point (NP) voltage [16], [17]. Consequently, the con-
trol problem becomes a multiobjective optimization problem
(MOOP), requiring simultaneous reference voltage tracking and
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NP voltage balance maintenance. Generally, MOOPs cannot
find an absolute optimal solution in practical applications. The
solution to MOOPs is an acceptable relative optimum, which
is called a Pareto optimal solution [18]. MPC uses weighting
factors to combine two control objectives into a single cost
function to solve MOOPs. By modifying the specific values of
weighting factors, the performance of the two control objectives
can be adjusted [19]. However, since the physical dimensions or
magnitudes of the control objectives may be inconsistent, suit-
able values for the weighting factors can only be determined by
extensive experimentation rather than by specific theory, leading
to a tedious tuning process [20]. Moreover, the interpretability
of conventional MPC is deficient.

In response to the above-mentioned problems caused by the
weighting factors, several innovative algorithms have been pro-
posed for the automatic determination of the weighting factors
[21], [22]. In [21], a fuzzy optimization approach is combined
with MPC to achieve online dynamic adjustment of weighting
factors. However, the fuzzy inference rules require a signif-
icant amount of prior knowledge acquired through extensive
experiments. By combining the sliding mode control with MPC,
Oshnoei and Blaabjerg [22] propose a method that can update
the weight coefficients online in real time. While this method
enhances system robustness, there remains a time-consuming
process of tuning multiple parameters involved in the con-
struction of the sliding mode. With the popularity of artificial
intelligence research, some intelligent control algorithms, such
as particle swarm optimization (PSO), genetic algorithm (GA),
and deep learning using an artificial neural network (ANN), have
been employed to optimize the selection process of weighting
factors [23], [24], [25]. For example, in [23], a PSO is integrated
into MPC to realize online automatic updates and adjustments
of weighting factors. In [24], a GA is employed to optimize the
weighting factors selection process. In [25], an offline method
for determining weighting factors with the aid of ANN is pro-
posed by integrating deep learning with MPC. However, the
significant drawback of these methods is the excessive compu-
tational burden. Besides, since the weighting factors remain and
there is no clear explanation of the correlation between the two
control objectives, the interpretability of these algorithms has
not significantly improved.

Therefore, removing weighting factors in MPC for MOOPs
has become an interesting research direction. For the control of
the NP voltage, which is a specific control objective in three-level
inverters, the commonly used approach for eliminating weight-
ing factors is the application of redundant small voltage vectors
(VVs) to dynamically balance the NP voltage. Nevertheless,
this method is not intuitive enough and frequently neglects the
impact of the medium VV on the NP voltage [26], [27]. An MPC
based on the ranking method has been proposed in [28], which
excludes weighting factors. The cost functions of each control
objective are ranked from smallest to largest, and the VV with
the smallest average ranking value of all control objectives is
selected as the optimal one. Since the ranking values can only
reflect the relative position of deviations under different VVs,
there may be situations where the specific error value is small,

but the ranking gap is significant. Consequently, the fairness of
this evaluation system could be problematic.

On this basis, sequential MPC based on lexicographic op-
timization has been proposed to eliminate weighting factors
[29], [30]. A multilayer serial screening structure is applied to
find the optimal VV from the candidates. Each layer of this
structure represents a control objective, prioritized according to
its importance. And the optimal solution set of each layer serves
as the candidate for the next layer. Nevertheless, within this
optimization framework, if there exists only one viable solution
in the preceding layer, it is deemed the optimal solution for
the entire problem, regardless of its effectiveness in addressing
subsequent control objectives. This results in an incapacity to
effectively fulfill subsequent control objectives. To address this
issue, it is necessary to relax the constraint of the nonlast layer to
expand the size of the solution set [31], [32]. However, neither of
these methods provides a satisfactory explanation of the basis
for selecting the number of candidates, which is two in [29]
and three in [30]. A new idea of constraint relaxation has been
proposed in [33]. Instead of limiting the number of candidates,
a tolerance value is introduced to ensure that the solution of the
nonlast layers is not unique. However, this method is applied
to a two-level permanent magnet synchronous motor platform
rather than a three-level inverter. The computational burden will
become a significant challenge in three-level inverters due to the
exponential increase in the number of candidates resulting from
the increase in output level. In addition, the lack of a reasonable
explanation of the specific meaning of the tolerance value is also
another problem.

Inspired by the above-mentioned methods, this article pro-
poses a tolerant sequential MPC (TSMPC) based on lexico-
graphic optimization to eliminate weighting factors. A two-layer
serial screening structure is constructed based on the priority of
the control objectives. Specifically, the first layer focuses on
the cost function of the output voltage, while the second layer
includes a cost function to deal with the NP voltage. During
the optimization process of the first layer, the minimum output
voltage cost function value is augmented by the tolerance value
to create a new constraint. The main contributions of this work
are summarized as follows.

1) Compared to the weighting factors in conventional MPC,
the tolerance value in the proposed TSMPC has a more
intuitive physical meaning, which can be illustrated both
graphically and textually. The tolerance value represents
the maximum acceptable deviation based on the known
minimum deviation, which is related to the performance.

2) The multiple comparison loops in TSMPC are quite time-
consuming and can significantly deplete CPU resources.
The proposed TSMPC mitigates this by reducing the num-
ber of VVs entering multilayer serial structures through
sector identification, thereby effectively controlling the
increase in computational burden.

3) Compared to the sequential MPC methods presented in
[29] and [30] that limit the number of candidate VVs,
the proposed TSMPC relaxes the cost function range by
a tolerance value, making the number of candidate VVs
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Fig. 1. Topology of the T-type 3P-3L inverter with LC filter.

variable. In inverters, especially three-level ones, there
may be multiple VVs available for the same voltage. Re-
stricting the number of candidates may result in an overly
strict constraint, potentially preventing the identification
of the optimal solution. However, the proposed TSMPC
can mitigate such issues by constraining the value of the
cost function.

4) Because each layer in the proposed TSMPC operates
independently and corresponds to a specific control objec-
tive, the comparisons within each layer are made between
variables with a similar magnitude. Thus, regardless of
which control objective undergoes a sudden change, the
comparison process in the corresponding layer quickly
constrains the error to achieve rapid tracking. As a result,
the proposed TSMPC exhibits a superior ability to respond
quickly to dynamic changes across all control objectives.
This is a significant advantage over conventional MPC
with weighting factors and MPC using redundant small
VVs.

The rest of this article is organized as follows. Section II
describes the mathematical model of the T-type three-phase
three-level (3P-3L) inverter. Section III provides a detailed intro-
duction to the basic principle of the lexicographic optimization
method. In Section IV, the principles of the conventional FCS-
MPC and the proposed TSMPC are given. Specific comparative
experimental results are given in Section V, and Section VI
concludes this article.

II. MATHEMATICAL MODEL

The topology applied in this article is specifically shown in
Fig. 1. On the input side, Vdc represents dc-link voltage; Cp and
Cn are the upper and lower dc-link capacitors, respectively; Vp,
Vn, ip, and in represent their voltages and currents respectively;
and inp represents the current flowing out of the NP. On the
output side, L is the filter inductance and C is the filter capaci-
tance; ix(x = a,b,c) and Vxo(x = a,b,c) respectively represent the
inverter output current and voltage; iox(x = a,b,c) and Vox(x =

a,b,c) respectively represent the current and the voltage of the
load. Each phase of the inverter circuit is composed of four power
switching devices. For ease of expression, the power switching
device can be denoted by Sxi where i � {1, . . . , 4} and x �
{a, b, c}, and the states “ON” and “OFF” are represented by “1”

TABLE I
SWITCHING STATES AND INVERTER OUTPUT VOLTAGES

and “0” respectively. Assuming that the NP voltage can be well
balanced, all possible switching states and their corresponding
inverter output voltages for each phase under consideration of
avoiding direct conduction are shown in Table I. The output state
of each phase Sx(x = a,b,c) can be defined as follows:

Sx(x=a,b,c) =

⎧⎨
⎩
1, Vxo = Vdc/2
0, Vxo = 0
−1, Vxo = −Vdc/2

. (1)

The relationship between the load voltage, also known as the
output phase voltage, and the inverter output voltage can be
expressed as follows:⎧⎨

⎩
Van = Vao − Vno

Vbn = Vbo − Vno

Vcn = Vco − Vno

, Vno =
Vao + Vbo + Vco

3
. (2)

By (1) and (2), the relationship between the inverter output
voltage and the phase output state can be established as⎡

⎣Van

Vbn

Vcn

⎤
⎦ =

Vdc

6

⎡
⎣ 2 −1 −1
−1 2 −1
−1 −1 2

⎤
⎦
⎡
⎣Sa

Sb

Sc

⎤
⎦ . (3)

To facilitate analysis and study, the abc frame is transformed
to the αβ frame using the amplitude-invariant Clarke transfor-
mation. Then, in the αβ frame, the inverter output current i and
voltage V, as well as the load current io and voltage Vo, can be
represented as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
i = iα + jiβ = K

[
ia ib ic

]T
V = Vα + jVβ = K

[
Van Vbn Vcn

]T
io = ioα + jioβ = K

[
ioa iob ioc

]T
Vo = Voα + jVoβ = K

[
Voa Vob Voc

]T
,

K =
2

3

[
1 −1/2 −1/2

0
√
3
/
2 −√

3
/
2

]
. (4)

By combining the three-phase output state (Sa Sb Sc), 27 (33)
VVs can be obtained in a T-type 3P-3L inverter. The space VVs
diagram of the 27 VVs is shown in Fig. 2. The amplitude and
positional information can be intuitively reflected in Fig. 2. Thus,
based on this information, 27 VVs can be simply classified and
categorized. Based on the magnitude, they can be divided into
large VV, medium VV, small VV, and zero VV. In addition, based
on the position, they can also be divided into six sectors.

By analyzing the filter capacitor and inductor, which are
considered dynamic components, the differential equations for
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Fig. 2. Space VVs diagram of 27 VVs.

the load voltage and the inverter output current are derived

dVo

dt
=

1

Cf
(i− io) (5)

di

dt
=

1

L
(V − Vo) . (6)

Based on (5) and (6), the state-space equations of the system
can be expressed as

•
x = Ax+Bu+Cn

y = Dx (7)

where state vector x = [Vo i]
T

, input vector u = [V 0]
T

,

vector n = [io 0]
T

, output y = V o and

A =

[
0 1/C

−1/L 0

]
, B =

[
0 0

1/L 0

]
,

C =

[−1/C 0
0 0

]
, D =

[
1
0

]
. (8)

If the sampling time of the system is denoted by Ts, then (5)
can be discretized using the Euler method as

x (k + 1) = (I2×2 + TsA)x (k) + TsBu (k) + TsCn (k)

y (k) = Dx (k) . (9)

However, it is important to note that (9) can only be used
to predict the inverter current i based on the switching state,
rather than the load voltage Vo. Therefore, further revision is
necessary. Electricity is essentially the movement of electrons.
It is evident that the inverter current changes first, followed
by the load voltage. Therefore, i(k + 1) can be considered the
instantaneous inverter output current at instant k. The prediction
formula can be modified as

x (k + 1) = A′x (k) +B′u (k) +C ′n (k) (10)

where

A′ =

[
1− T 2

s

LC
Ts

C

−Ts

L 1

]
,B′ =

[
T 2
s

LC 0

Ts

L 0

]
,C ′ =

[−Ts

C 0

0 0

]
.

(11)

III. PRINCIPLE OF LEXICOGRAPHIC OPTIMIZATION METHOD

A. Definitions and Preliminaries

The control of a t-type 3P-3L inverter, which needs to track
the reference voltage and maintain the NP voltage is essentially
a MOOP. A general expression of (10) can be modified as

x (k + 1) = f (x (k) , u (k)) , k = 0, 1, 2, . . . (12)

x (k) ∈ X,u (k) ∈ U∀k = 0, 1, 2, . . . (13)

where x(k) ∈ Rn is the state variable at instant k, u(k) ∈ Rn is
the control variable at instant k, and f(·, ·) is a locally Lipschitz
function of x(k) and u(k) with f(0, 0) = 0. The model (12) is
constrained by state and control variable constraints (13). X ⊂
Rn is a closed set and U ⊂ Rn is a compact set, both of which
consist of the origin.

For convenience, x(k) and u(k) can be abbreviated as xk, uk.
Furthermore, the selection of uk is limited to the 27 VVs in the
3P-3L inverter. The sequences of future control variables and
state variables at instant k can be expanded as

uN,k =
{
uk|k, uk+1|k, . . . , uk+N−1|k

}
(14)

xN,k =
{
xk|k, xk+1|k, . . . , xk+N−1|k, xk+N |k

}
(15)

whereN ≥ 1 represents the prediction horizon, uk+i|k rep-
resents the control voltage at instant k + i, i = 0, . . . ,
N − 1.xk+j|k represents the predicted state at instant k + j, j =
0, . . . , N − 1 with the state xk = xk|k and input uN,k applied
in the predicted model (12) at instant k. Considering the number
of the system control objectives m ≥ 2, the cost functions can
be expressed as

Ji (uN,k, xk) = Ei

(
xk+N |k

)
+

N−1∑
j=0

Li

(
uk+j|k, xk+j|k

)

i = 1, 2, . . . ,m (16)

where Li : U ×X → R and Ei : X → Rare the stage costs and
terminal costs of the control objective i respectively. The MOOP
can be expressed as

min
uN,k

J (uN,k, xk) = [J1 (uN,k, xk) , . . . , Jm (uN,k, xk)]

(17)

s.t. xk+j|k = f
(
xk+j−1|k, uk+j−1|k

)
, xk|k = xk

xk+j|k ∈ X,uk+j−1|k ∈ U, j = 1, . . . , N. (18)

To solve MOOPs, it is necessary to simultaneously minimize
m different cost functions, which has been very challenging in
practice.
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B. Lexicographic Optimal Solution for MOOPs

The most common method for solving MOOPs is to transform
them into single-objective optimization problems by introducing
weighting factors. However, the weighting factors of this method
can be cumbersome to adjust and difficult to interpret. Another
option for MOOPs is lexicographic optimization [31], [32]. This
method constructs a multilayer serial screening structure to find
the optimal solution. Each layer has its own constraints to find its
solution set. The optimal solution set for each layer is used as the
candidate for the next layer. In addition, the layers are sequenced
based on the priority of the control objectives: the layer with
the highest priority is placed first and the layer with the lowest
priority is positioned at the end. For simplicity, Ji(uN,k, xk)
is denoted as Ji, i = 1, 2, . . . ,m. Assuming the cost functions
have been sequenced by priority, the optimal value of each can
be expressed as

J∗
1 = min

uN,k

{J1| (18)} (19)

J∗
i = min

uN,k

{
J2| (18) , Jj = J∗

j

∀j = 1, . . . , i− 1

}
, i = 2, . . . ,m− 1. (20)

Then, the lexicographic optimal solution can be formulated
as

u∗
N,k = argmin

{
Jm| (18) , Jj = J∗

j

∀j = 1, . . . , i− 1

}
. (21)

The basic principle of this method is described as follows. The
original constraints are used to minimize the first cost function.
Then, the cost function of the subsequent layer is minimized in
the previous solution set, effectively treating it as an additional
constraint. This sequential process continues until reaching the
second-to-last (m-1th) layer. Finally, the lexicographic optimal
solution can be found by minimizing the cost function of the
last (mth) layer in the solution set of the second-to-last (m-1th)
layer.

However, if there is only one feasible solution in the solution
set of a layer excluding the last layer, it will render the following
optimization process meaningless. To address this issue, it is
necessary to introduce a tolerance into the additional constraint
Jj = J∗

j .

Jj ≤ J∗
j + εj , ∀j = 1, . . . , k − 1 (22)

where εj ≥ 0 denotes the tolerance. The process of the lexico-
graphic method with tolerances is illustrated in Fig. 3.

IV. PRINCIPLE OF CONTROL ALGORITHM

This article discusses the control of the 3P-3L inverter to
simultaneously track the reference voltage and control the NP
voltage, which is a typical MOOP. A TSMPC based on the
lexicographic optimization method has been proposed. This
method not only eliminates the cumbersome regulation process
in the conventional MPC with weighting factors but also makes
the NP voltage control more intuitive compared with the MPC
using redundant small VVs to dynamically maintain NP balance.
Moreover, the proposed method shows superior interpretability

Fig. 3. Schematic diagram of the lexicographic method with tolerances.

of tolerance values, which are difficult to achieve by using
conventional MPC algorithms.

A. Conventional MPC With Weighting Factors

Based on (10), the load voltage prediction formula can be
expressed as

Voα,k+1 =

(
1− T 2

s

LC

)
Voα,k +

Ts

C
iα,k +

T 2
s

LC
Vα,k − Ts

C
ioα,k

Voβ,k+1 =

(
1− T 2

s

LC

)
Voβ,k +

Ts

C
iβ,k +

T 2
s

LC
Vβ,k − Ts

C
ioβ,k.

(23)

The cost function Jout of the load voltage, which is the first
control objective is designed as follows:

Jout = (V ∗
oα − Voα,k+1)

2 +
(
V ∗
oβ − Voβ,k+1

)2
. (24)

In 3L inverters, it is necessary to predict and control the NP
voltage because of the charging and discharging process of the
upper and lower dc-link capacitors during operation. In Fig. 1,
the upper and lower dc-link capacitor currents ip and in can be
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respectively expressed as

ip = Cp
dVp

dt
, in = Cn

dVn

dt
(25)

where Cp=Cn=Cnp. Discretizing (25) using the forward Euler

Vp,k+1 = Vp,k +
TS

Cnp
ip,k, Vn,k+1 = Vn,k +

TS

Cnp
in,k. (26)

Analyzing at neutral O, the NP current inp can be expressed
in two ways

inp = (1− |Sa|)ia + (1− |Sb|)ib + (1− |Sc|)ic (27)

inp = ip − in. (28)

Obviously, the relationship between the NP current inp and
the phase output states can be established by (27). Based on (26),
the prediction formula for the deviation of the upper and lower
dc-link capacitor voltages Vdiff at instant k + 1 can be obtained
as

Vdiff, k+1 = Vp,k+1 − Vn,k+1 = Vp,k − Vn,k +
TS

Cnp
inp.

(29)
The cost function Jnp of the NP voltage which is the second

control objective is designed as follows:

Jnp =

(
Vp,k − Vn,k +

TS

Cnp
inp

)2

. (30)

The conventional MPC (C-MPC) uses the weighting factor λ

to combine two control objectives into a single cost function to
solve the MOOPs. The cost function of C-MPC is designed as

JC−MPC = Jout + λJnp. (31)

B. MPC Using Redundant Small VVs

The tedious tuning process of weighting factors in C-MPC
has been a challenge. An MPC using redundant small VVs
(SVV-MPC) has been proposed to eliminate weighting factors
[26], [27]. In contrast to C-MPC, SVV-MPC implements the NP
voltage control by modifying candidate VVs instead of modi-
fying the cost function. Thus, the cost function of SVV-MPC is
designed as

JSVV−MPC = Jout. (32)

For all 27 VVs, only small and medium VVs have effects on
the NP voltage, while large and zero VVs do not. Redundant
small VVs can be classified as positive or negative types based
on their impact on the NP voltage. Positive small VVs shown
in yellow decrease Vp and increase Vn, while negative small
VVs shown in grey increase Vp and decrease Vn. It can be
noticed from Fig. 2 that the positive and negative small VVs
appear in pairs. Utilizing this characteristic, the NP voltage can
be controlled by modifying the candidate VVs. The candidate
VVs are constructed as shown in Fig. 4. The negative small VVs
are eliminated from all 27 VVs when Vp >Vn, while the positive
small VVs are eliminated conversely. By this method, dynamic
balancing of the NP voltage can be achieved without changing
the cost function.

Fig. 4. Composition diagram of candidate VVs.

Fig. 5. Block diagram of SVV-MPC.

The specific control block diagram of the SVV-MPC is illus-
trated in Fig. 5. Initially, the candidate sector is identified by
minimizing the JSVV-MPC of medium VVs. Subsequently, the
candidate VVs are decided in accordance with the magnitudes
of Vp and Vn. Finally, by minimizing the JSVV-MPC, the optimal
VV is selected from the set of candidate VVs and then applied
to the inverter.

C. Proposed TSMPC

The SVV-MPC does not consider the effects of the medium
VVs on the NP voltage, which restricts its NP voltage balancing
capability. Thus, a TSMPC has been proposed. Based on the
priority of the control objectives, tracking the reference voltage
is placed in the first layer, while maintaining the NP voltage is
placed in the second layer. The cost functions of the first and
second layers can be respectively expressed as

J1 = Jout (33)

J2 = Jnp. (34)

The first layer of TSMPC is dedicated to assessing the de-
viation in tracking the reference load voltage. In this layer, the
minimum cost function J∗

1 is identified by evaluating the first
cost function J1 across 27 VVs. Subsequently, based on the
principle of the lexicographic optimization method outlined in
Section III, a tolerance ε is introduced to relax the constraint
of the first layer, thereby ensuring the subsequent optimization
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Fig. 6. Block diagram of the proposed TSMPC.

process remains both feasible and meaningful. The modified
first-layer constraint can be expressed as follows:

J1 ≤ J∗
1 + ε. (35)

Then, the 27 VVs are re-evaluated in accordance with the
modified constraint (35), and those that satisfy this constraint
are selected as candidates for the second layer.

The second layer of TSMPC is dedicated to assessing the NP
voltage. Based on the NP voltage deviation prediction formula
shown in (29), the VV with the minimum J2 is identified from all
candidate VVs and determined as the optimal VV to be applied
to the inverter.

It noted that in 3L-3P inverters, the first layer in TSMPC
needs to evaluate the 27 VVs twice. The first evaluation is to
identifyJ∗

1 , while the second is to find the VVs satisfying (35).
This significantly consumes CPU resources, thus limiting the
practical application of this algorithm.

1) Determine the Sector: To ensure the successful execution
of the experiments, it is essential to reduce CPU resource con-
sumption. This can be accomplished by implementing a sector
determination process prior to the first layer, which reduces the
number of candidate VVs entering the first layer. This process
determines the sector by minimizing the cost function of medium
VVs and selects the VVs within that sector as candidates for the
first layer.

With the introduction of the sector determination process,
the proposed TSMPC algorithm only requires to evaluate six
medium VVs once and ten candidate VVs within the sector
twice during the first layer. This method can significantly reduce
the execution time. Furthermore, sector determination imposes a
simple constraint on the range of load voltage variation, ensuring
that VVs outside the sector are not selected, even if the tolerance
value is excessively large. This effectively prevents the potential
abnormal increase in total harmonic distortion (THD) under such
conditions.

Fig. 6 depicts the block diagram of the proposed TSMPC,
while Fig. 7 depicts the corresponding flowchart. The proposed
TSMPC can be divided into three parts: sector determination,
first-layer screening, second-layer screening. In Part 1, the sector
is determined by minimizing J1 of the medium VVs. In Part 2,
the J1 of the VVs in the determined sector is minimized to find
the smallest cost function J∗

1 . J∗
1 + ε is used as the maximum

Fig. 7. Flowchart of the proposed TSMPC.

Fig. 8. Schematic diagram explaining the physical meaning of ε.

allowable voltage deviation to evaluate the candidate VVs. The
solution set will be candidates for the second layer, where N
represents the number of candidates and is a variable. In Part 3,
the optimal VV is found by minimizing J2.

2) Physical Meaning of the Tolerance Value ε: The tolerance
value ε is a crucial variable in the proposed TSMPC, which can
reflect the range of error tolerance. Fig. 8 is the schematic dia-
gram explaining the physical meaning of the tolerance value ε,
where the red arrow represents the load voltage reference. Based
on (24), the cost function J1 is similar to Euclidean distance
formula, indicating the voltage deviation between the reference
voltage and the candidate VV. This is analogous to drawing
a circle �1 with r1 as its radius while the reference voltage
pointing to its center, where r21 = J∗

1 . The relaxed constraint (35)
implies that any VV with a voltage deviation less than J∗

1 + ε
can satisfy the constraint of the first layer. This means that, in
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Fig. 8, all VVs within the circle �2 with r2 as its radius and
the reference voltage as the center can pass the first layer, where
r22 = J∗

1 + ε.
Introducing the tolerance value ε is analogous to enlarging

the radius of circle �1 to obtain circle �2, ensuring that more
VVs fall within the circle. The green shaded area between
circles �1 and �2 in Fig. 8 is the graphical depiction of ε. By
adjusting the value of ε, the radius of circle �2 can be modified,
effectively altering the maximum allowable voltage deviation.
This adjustment regulates the number of VVs that pass the first
layer. The aforementioned explanation provides both a graphical
and textual explanation of the physical meaning of the tolerance
value ε.

3) Advantages of the Proposed TSMPC: Compared to the
weighting factors in C-MPC, the tolerance value in the proposed
TSMPC has a more intuitive physical meaning, which is a
notable advantage of the proposed method. As shown in (31), the
C-MPC integrates the control effects of two control objectives
through the weighting factors. However, when the magnitude
or order of magnitude of the two control objectives differ, the
value of the weighting factors cannot be simply understood as
the weighting of the two objectives. In contrast, the tolerance
value in the proposed TSMPC has an intuitive physical meaning,
as graphically and textually described in the part of “b) The
Physical Meaning of the Tolerance Value ε” in Section IV.

An additional advantage of TSMPC is its superior control
performance in handling dynamic changes across all control
objectives, characterized by faster response times. Since the
weighting factors merely integrate the numerical errors of two
control objectives, C-MPC is a simple numerical compromise
between two control objectives. Consequently, when the sec-
ondary or smaller order of magnitude control objective has a
sudden change, its numerical fluctuation appears minor within
the overall cost function, leading to poor dynamic tracking
performance for that control objective in C-MPC.

Although SVV-MPC can use redundant small VVs to adjust
the NP voltage, it lacks the ability to quantitatively differentiate
the impact of each VV on the NP voltage. Therefore, SVV-
MPC cannot swiftly restore the NP balance when the NP voltage
changes abruptly.

In contrast, TSMPC employs a multilayer structure, where
each layer operates independently and corresponds to a specific
control objective. This structure ensures that comparisons within
each layer are made between variables of similar magnitude.
Therefore, regardless of which control objective undergoes a
sudden change, the comparison process in the corresponding
layer quickly constrains the error to achieve rapid tracking. As
a result, the proposed TSMPC exhibits a superior ability to re-
spond quickly to dynamic changes across all control objectives.

In addition, compared to the SMPC in [29] and [30] that limit
the number of candidate VVs, the variable number of candidates
in the proposed TSMPC ensures that the solution found is
optimal. In inverters, especially three-level ones, there may be
multiple VVs available for the same voltage. Therefore, if the
selection process is based solely on the number of candidates
rather than the value of the cost function, there may be instances
where two candidate VVs yield the same cost function value,

Fig. 9. Experimental platform.

TABLE II
EXPERIMENT PARAMETERS

which can be considered an overly strict constraint. This could
result in a suboptimal final solution.

For instance, suppose the reference for output voltage is as
shown in Fig. 8 and the NP voltage deviation is 0. When the
number of candidate VVs is fixed to 2, V1 and V8, which have
the same cost function of the load voltage, might be selected
as the candidates. However, according to the previous analysis,
either one will have a significant impact on the NP voltage.
Notably, while the cost function of V15 is the second smallest,
this VVs has no impact on the NP voltage. Therefore, V15 is
the relatively optimal solution when considering all factors.
The proposed TSMPC limits the value of the cost function
through the tolerance value rather than restricting the number
of candidates, thereby avoiding similar issues of inappropriate
constraint relaxation.

V. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed TSMPC, an exper-
imental platform of a T-type 3P-3L inverter has been established,
as shown in Fig. 9, and its parameters are listed in Table II.
A 32-bit digital signal processor (DSP) TMS320F28374 is
used as the controller, VAC current sensors are used to sample
the inverter output current ix(x = a,b,c) and the load current
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Fig. 10. Specific experimental results of different tolerance values.

iox(x = a,b,c), and LEM voltage sensors are used to sample the
load voltage Vox(x = a,b,c) and dc-link capacitor voltages Vp

and Vn.
To make the comparison experiments more credible, this

article compares C-MPC with weighting factors [19], SVV-MPC
[26], [27], and the proposed TSMPC. To ensure fair comparisons
of the experiments, numerous a priori experiments have been
conducted to compare the THD of the output voltage and NP
voltage deviation of C-MPC with different weighting factors.
Ultimately, the weighting factor was determined to be 4 to
balance the performance of both.

A. Comparison of Tolerance Values

To analyze the impact of tolerance values ε on THD and
NP deviation, comparative experiments with different tolerance
values have been conducted. The specific experimental results
are shown in Fig. 10. When ε ≤ 2, the THD and NP deviation
are both relatively high. This is because only one VV will
fulfill the constraint of the first layer when the tolerance value
is excessively low, subsequently leading to the failure of the
second layer. Furthermore, the fluctuation in output voltage
caused by the fluctuation in NP voltage will result in higher
THD. This explains why THD is greater when ε≤ 2 than when
ε is set to 4. When ε > 2, as the tolerance value ε increases,
the NP deviation decreases, while the THD increases slightly.
However, the overall growth of THD is still very small. In
addition, it is important to note that an excessively high tolerance
value does not result in a significant increase in THD, as the
proposed TSMPC requires sector determination. In summary,
the proposed TSMPC is effective when ε is chosen appropriately.
In subsequent comparative experiments, ε is set to 4.

B. Steady-State Experiments

To compare the steady-state performance of the above-
mentioned algorithms, comparative experiments on linear load
and nonlinear load were conducted. The specific test conditions
are shown below.

Fig. 11. Steady-state experimental waveforms. (a) TSMPC in Case B1.
(b) TSMPC in Case B2. (c) C-MPC in Case B1. (d) C-MPC in Case B2.
(e) SVV-MPC in Case B1. (f) SVV-MPC in Case B2.

Case B1: The linear load is 25 Ω resistance.
Case B2: The nonlinear load is an uncontrollable rectifier-type

nonlinear load.

The steady-state experimental waveforms of the proposed
TSMPC, C-MPC, and SVV-MPC are illustrated in Fig. 11. It
contains the load current ioa and voltage Voa, as well as the
magnification of dc-link capacitor voltages Vp and Vn. The
corresponding harmonic spectrums are illustrated in Fig. 12.

As can be seen in Fig. 11, all three algorithms can accurately
track the voltage reference and maintain NP balance. For the
proposed TSMPC, C-MPC, and SVV-MPC, the NP deviations
are 2.4, 2.4, and 3.9 V under linear load, respectively, compared
to 3.6, 6, and 6.3 V under nonlinear load. From Fig. 12, it is found
that the corresponding harmonic spectrums are 5.19%, 6.51%,
and 5.34% under linear load, respectively, compared to 7.73%,
7.85%, and 7.84% under nonlinear load. It is worth noting that
although the THD of the three algorithms is similar, the proposed
TSMPC has the smallest NP deviation and the best NP balance
effect, while SVV-MPC has the largest NP deviation and the
worst NP balance effect. Therefore, the proposed TSMPC has
the advantage of excellent NP balance performance.

C. Dynamic Experiments

To compare the dynamic performance of the above three al-
gorithms, comparative experiments of sudden reference voltage
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Fig. 12. Steady-state experimental harmonics spectrums. (a) TSMPC in Case
B1. (b) TSMPC in Case B2. (c) C-MPC in Case B1. (d) C-MPC in Case B2.
(e) SVV-MPC in Case B1. (f) SVV-MPC in Case B2.

change were conducted. The specific test conditions are shown
below.

Case C1: The reference voltage increased from 50 to 100 V.
Case C2: The reference voltage decreased from 100 to 50 V.

The dynamic experiment waveforms are illustrated in Fig. 13,
with a red circle indicating the position of the sudden increase
or decrease in the reference voltage. It can be observed that
the proposed TSMPC, C-MPC, and SVV-MPC can accurately
track the reference voltage and maintain NP voltage balance,
regardless of sudden changes in the reference voltage. For the
proposed TSMPC, C-MPC, and SVV-MPC, the time taken to
reach a steady state after a reference voltage change is 39.2, 43.5,
and 47.2 ms respectively when the reference voltage increased
from 50 to 100 V, compared to 43.6, 58.7, and 64.3 ms when the
reference voltage decreased from 100 to 50 V. Notably, although
all three algorithms can reach the steady state, the proposed
TSMPC takes the least time while SVV-MPC takes the most.
And the proposed TSMPC has the least NP fluctuation among
the three algorithms. Thus, TSMPC exhibits the best dynamic
performance.

Fig. 13. Dynamic experimental waveforms. (a) TSMPC in Case C1.
(b) TSMPC in Case C2. (c) C-MPC in Case C1. (d) C-MPC in Case C2.
(e) SVV-MPC in Case C1. (f) SVV-MPC in Case C2.

Fig. 14. Schematic diagram simulating NP voltage fluctuation.

D. NP Voltage Balance Experiments

To compare NP voltage balancing performance, a resistor was
suddenly paralleled on the upper dc-link capacitor to simulate
NP voltage fluctuations, as illustrated in Fig. 14, where the
resistor R is 200Ω, and SX represents a manual switch. Although
this simulation method is relatively extreme, it can better reflect
the NP voltage balancing effect of the algorithm. The specific
test conditions are as follows.

Case D1: Switch SX is suddenly closed.
Case D2: Switch SX is suddenly opened.

The NP voltage balance experimental waveforms are illus-
trated in Fig. 15, with the positions where switch SX is closed
or opened highlighted by red circles. Observations from Fig. 15
reveal that the proposed TSMPC, C-MPC, and SVV-MPC are ef-
fective in managing sudden NP fluctuations and maintaining NP
voltage balance. When the switch is suddenly closed, the three
algorithms take 13.4, 23.8, and 68.6 ms, respectively, to reach
the steady state, with their maximum NP deviations being 3.3,
3.6, and 6.9 V. Conversely, when the switch is suddenly opened,
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TABLE III
SPECIFIC PERFORMANCE EVALUATION RESULTS OF THREE ALGORITHMS

Fig. 15. NP voltage balance experimental waveforms. (a) TSMPC in Case
D1. (b) TSMPC in Case D2. (c) C-MPC in Case D1. (d) C-MPC in Case D2.
(e) SVV-MPC in Case D1. (f) SVV-MPC in Case D2.

the stabilization times are 7.8, 8.6, and 59.4 ms, with maximum
NP deviations of 2.7, 3.6, and 4.8 V, respectively. Notably, the
proposed TSMPC reaches a steady state much quicker than the
other two algorithms, and it also has the smallest maximum
NP deviation. Furthermore, whether the switch SX is closed or
opened, the proposed TSMPC is the only algorithm where NP
voltage fluctuations are not significantly visible, demonstrating
its superior NP balancing performance.

E. Comparison of Computational Burden

To compare the computational burden of the above algo-
rithms, the execution time of each algorithm was measured using

the clock function provided by Code Composer Studio. The
specific results are presented in Table III. The execution times of
the proposed TSMPC, C-MPC, and SVV-MPC are 53.30, 31.55,
and 20.37 μs, respectively.

The proposed TSMPC algorithm employs a multilayer serial
screening structure to ensure good dynamic tracking perfor-
mance for both control objectives. However, compared to the
single comparison loop in C-MPC and SVV-MPC, the three
comparison loops inherent to this structure significantly increase
computational time. Despite this, the proposed TSMPC algo-
rithm mitigates the computational load by reducing the number
of candidates in each loop through the sector determination
process, thereby keeping the execution time within the DSP’s
interrupt interval of 62.5 μs (calculated as 62.5 μs = 1/fs, where
fs = 16 kHz). This ensures the practical viability of the proposed
TSMPC in actual equipment.

F. Overall Comparison of the Experimental Results

To provide a more intuitive comparison of the control perfor-
mance of the three algorithms, steady-state performance is eval-
uated using THD and maximum NP deviation under steady-state
conditions, dynamic performance is evaluated by the time taken
to reach a steady state following a sudden change in reference
voltage, NP balance performance is evaluated by the time taken
to reach a steady state following a sudden change in NP voltage
and the maximum NP deviation, and the computational burden
is evaluated by the algorithm’s execution time. The specific
performance evaluation results of three algorithms are detailed
in Table III.

It can be noticed that compared to C-MPC and SVV-MPC,
the proposed TSMPC obtains better steady-state performance,
superior dynamic performance, and improved NP balance per-
formance, albeit with a slightly higher computational burden.
Specifically, in steady-state experiments, the THD and maxi-
mum NP deviation of the proposed TSMPC are smaller than
those of the other two algorithms. In dynamic experiments, the
time taken to reach a steady state is the smallest. In the NP
balance experiments, both the time taken to reach a steady state
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and maximum NP deviation in the NP balance experiments are
the smallest among the three algorithms.

In addition, although the SVV-MPC algorithm has the shortest
execution time, its NP balance performance is significantly
inferior to that of the other two algorithms. This is particularly
evident in the significantly longer time required to reach a
steady state following a sudden change in NP voltage. Specif-
ically, when the switch is suddenly closed, SVV-MPC takes
approximately 68.8 ms to reach a steady state, which is about
5.13 times longer than the proposed TSMPC and 2.9 times longer
than C-MPC. Meanwhile, when the switch is suddenly opened,
SVV-MPC takes approximately 59.4 ms to reach a steady state,
which is about 7.6 times longer than the proposed TSMPC and
6.9 times longer than C-MPC.

VI. CONCLUSION

This article proposes a TSMPC based on the lexicographic
optimization method for T-type three-phase three-level inverters,
aiming to eliminate the weighting factors. The tolerance value in
the proposed TSMPC has a more intuitive graphical and textual
physical meaning, making the method itself interpretable. More-
over, the use of sector determination not only reduces excessive
CPU resource consumption but also prevents anomalies in THD
caused by excessively large tolerance values. Finally, compara-
tive experiments with conventional MPC with weighting factors
and MPC using redundant small VVs to dynamically maintain
NP balance were conducted, demonstrating that the proposed
TSMPC not only can accurately track reference voltage but also
effectively handle abnormal NP voltage fluctuations, demon-
strating its superior control performance in handling dynamic
changes across all control objectives.
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