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Abstract
A novel algorithm is proposed to regulate the neutral point potential in neutral point clamped three-level inverters. Oscillations
of the neutral point potential and an unbalanced dc-link voltage cause distortions of the output voltage. Large capacitors, which
make the application costly and bulky, are needed to eliminate oscillations. Thus, the algorithm proposed in this paper utilizes the
finite-control-set model predictive control and the multistage medium vector to solve these issues. The proposed strategy consists
of a two-step prediction and a cost function to evaluate the selected multistage medium vector. Unlike the virtual vector method,
the multistage medium vector is a mixture of the virtual vector and the original vector. In addition, its amplitude is variable. The
neutral point current generated by it can be used to adjust the neutral point potential. When compared with the virtual vector
method, the multistage medium vector contributes to decreasing the regulation time when the modulation index is high. The
vectors are rearranged to cope with the variable switching frequency of the model predictive control. Simulation and
experimental results verify the validity of the proposed strategy.
Key words: Finite-control-set model predictive control, Neutral point clamped three-level inverter, Neutral point potential
oscillations, Virtual vector

I.

INTRODUCTION

Multilevel converters have been used in many conversion
systems, such as distributed generation, photovoltaic, electric
vehicles and traction systems [1]-[4]. Their topologies are
various. However, the neutral point clamped (NPC) three-level
inverter is the most widely used. When compared with twolevel converters, the total harmonic distortion (THD) in the
output voltage is reduced, and the switching devices in three⁄ [5], [6]. However, vibrations
level system have a lower
of the neutral point (NP) voltage are a significant drawback.
This issue contains two aspects: the drifted neutral point potential
(NPP) and the low-frequency oscillation of the NPP [7].
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Considering the difference between the two dc-link
capacitors, the drifted NPP is inevitable. Several methods
have been proposed to address this issue [8]-[11]. The authors
of [12] utilize additional hardware to regulate the NP, which
makes the application bulky and costly. Redundant small
vectors have been used to regulate the NPP in space vector
modulation (SVM) [5]. In sinusoidal pulse width modulation
(SPWM), the zero-sequence voltage offset value has been
injected into the modulation signals to fix the drifted NPP
[13]-[15].
Another aspect of this issue is the NPP oscillation, which is
three times the output fundamental frequency [7]. The
authors of [16] demonstrate that the oscillation of the NPP
makes the output current contains a distortion with the same
frequency as it. Additional dc-link capacitors can be used to
ease this issue. However, the software method is more
flexible and efficient. Thus, researchers have put forward
investigations to solve the NPP oscillation.
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The NPP oscillation is a result of the dc-link voltage
imbalance happening within one switching period [17]. The
amplitude of the NPP oscillation depends on the output
current, the power factor (PF), and the dc-link capacitor value
[7], [9], [18]. The authors of [16] proposed a time offset
method to solve this issue. The method increases the THD of
the output voltage, and the regulation time increases when the
modulation is high. Meanwhile, the authors of [19] adjusted
the NPP with an additional PI controller. However, the
parameters are difficult to be tuned. The authors of [4]
deduced an equation of the offset value and the drifted NPP.
However, its complex calculation makes this method difficult
to use in some conditions. Considering the oscillation
occurring in one switching period, the conventional SVM
method with a PI controller cannot perfectly solve this issue.
To overcome this drawback, virtual vector modulation is
proposed in [20]. This is the most common method for
solving oscillations of the NPP. Based on that concept, many
algorithms have been investigated. The authors of [9]
combine SVM and a virtual SVM to solve this issue.
Meanwhile, the authors of [21] and [22] propose another
hybrid modulation to achieve the same effect. In that strategy,
the modulation mode is related to the angle of the reference
signal, which increases the complexity of the algorithm. All
of these methods try to minimize the influence of the medium
vector upon the NPP. However, during the synthesis of the
target vector, the regulation effects of the small vectors in
these methods are weakened when the modulation index (MI)
is high. The total absence of a medium vector lengthens the
regulation process of the NP.
According to the zero neutral point (NP) current principle
[20], the virtual vector method may lose its ability to fix a
drifted NPP in extreme conditions. The algorithm proposed in
this paper modifies the conventional virtual vector to
overcome this drawback. Therefore, the chosen additional
vectors have to be evaluated based on their performance at
the end of each switching period. An elaborate mathematical
model of the system is indispensable for the evaluation of
vectors. Since the time delay in the system leads to an
inaccurate model, a predictive control algorithm with an
evaluation mechanism is suitable. Thus, the finite control step
model predictive control (FCS-MPC) is utilized in this paper.
It has attracted a lot of interest from scholars in recent years
[23]-[27]. With the discrete time model, the state of the
system in the next sampling instant can be depicted. The
authors of [23] and [28] utilize an MPC to achieve a high
efficiency and a balanced power loss. Meanwhile, the authors
of [29] decreased the switching frequency of a MPC with the
help of a low-pass filter. Furthermore, the authors of [30]
revealed that a variable switching frequency can be solved by
the optimal switching sequence strategy. However, most
scholars pay attention to two-level converters, and the issues
existing in multi-level converters are rarely considered [31].

N
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Fig. 1. Three-level NPC inverter topology.

As previously mentioned, the complete virtual vector
method lengthens the NPP regulation time. However, the
conventional method generates the NPP oscillation. The
proposed algorithm in this paper combines the FCS-MPC and
the modified virtual vector to eliminate the NPP oscillation
without a trade-off between the regulation time of the drifted
NPP and its oscillation. The rest of this paper is organized as
follows. In Section II, the theory of the drifted NPP and the
NPP oscillation are introduced. An overview of the
conventional SVM (CSVM) and the conventional virtual
vector SVM (CVV-SVM) are also presented. In Section III,
the proposed algorithm based on the FCS-MPC is introduced.
The two-step predictive mathematic model of this method is
also presented. Moreover, the relationship between the NPP
regulation and the multilevel medium vectors (MMV) is
analysed. Simulation and the experimental results are
presented in Section IV. Comparisons of the conventional
methods and the proposed method are presented. Some
conclusions are given in Section V.

II. MATHEMATIC EXPRESSION OF THE
NEUTRAL-POINT VOLTAGE OSCILLATION
The topology of the three-level NPC inverter system
invented by Nabae et al [32] is shown in Fig. 1.
As can be seen from Fig. 1, the voltages of the two dc-link
capacitors
and
should be identical to generate a
three-level output. However, different vectors applied in the
modulation and the intrinsic difference between the
capacitors lead to the drifted NPP, which indicates that the
relationship between them should be discussed.
Since the voltage vectors can be represented by
combinations of the switching states, the switching state are
introduced first:
{

(1)
(2)

where P denotes that only the upper two switches are turned
on. In this state, the output voltage
is
. O denotes
that only the middle two switches are turned on. In this state,
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the output voltage
is 0. N denotes that only the lower
two switches are turned on. In this state, the output voltage
is
. The output voltage vectors are displayed in
Fig. 2. The voltage vectors and the corresponding NP
currents are presented in Table 1.
It can be seen from Table 1 that only the small vectors and
medium vectors generate the NP current. Small vectors can
be divided into P-type and N-type. When the P-type small
vectors are applied, the neutral point and the positive of the
voltage source are connected, the neutral point current is
injected into , and the NPP increases. When the N-type
small vectors are applied, the negative of the voltage source
and the neutral point are connected, the neutral point current
flows away from , and the NPP decreases.
Assuming that the current in each phase does not change
within one switching period, the paired P-type and N-type
small vectors generate currents in opposite directions with the
same amplitude.
Assuming that the dc-link capacitors are equivalent to ,
the relationship between the dc-link capacitors and the NP
current is revealed in (3) [33]:

(5)
where
and
are the coefficients for the small vectors;
and
,
, and
are the currents generated by the
small vectors and the medium vector. In order to simplify the
analysis and calculation, only one set of the paired small
vectors is used to adjust the NPP. Assuming that
, the
value of
can be obtained in (6):
(6)
Based on equation (6), the regulation of the NPP is achieved
in the CSVM method. The redundant small vectors are used to
regulate the NPP. However, there is only one medium vector in
one sector, and the influence it left on the NPP cannot be
ideally compensated for under some conditions [17]. It is
revealed in [6] that the medium vectors lead to the NPP
oscillation, which cannot be eliminated by the average
compensation value used in equation (6). Thus, the
conventional virtual vector method is proposed.

B. Conventional Virtual Vectors
As mentioned before, the NP current generated within one
switching period leads to the NPP oscillation. In the balanced
three-phase inverter system:
(7)
where ,
and
are the current of three phases.
The virtual vectors are synthesized as (8):
⃗

(3)

and

∫
represent the currents flowing through

and , respectively.
is the average value of the NP
current, and
is the voltage difference between the two
dc-link capacitors.
is the sampling period. It can be
concluded from equation (3), that the change of
leads
to the NP current. On the other hand, the NP current can be
used to adjust
.

⃗

⃗

{
⃗

where

(4)

where
is the sampling period; and
,
and
are
the dwelling times of the two small vectors and the medium
vector, respectively.
The time relationship between the NP current and
is
displayed as (5):

Fig. 2. Voltage vectors.

{

⃗

PNN

PNP

NNP

) is located
in III-2. The relationship among the small vectors ( ⃗
and
⃗ ) and the medium vector ⃗
and ⃗
is shown in (4):

⃗

⃗
⃗

⃗

⃗

(8)
⃗

⁄

where ⃗
and ⃗
represent the virtual small vectors,
and ⃗
represents the virtual medium vector.
The space distribution of each vector in sector III is shown
in Fig. 3. As mentioned in Section I, the total elimination of
the medium vector also introduces some issues into the
system. It can be seen in Fig. 3 that the orange dashed line is
the original medium vector, and that the solid line of PON
represents the virtual one. They are in the same direction with
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TABLE I
VOLTAGE VECTORS
Vector
Zero Vector
Small Vector

Switching Symbol
(PPP),(OOO),(NNN)
P-Type
N-Type
[POO]
[ONN]
[PPO]
[OON]

NP Current
0
P-Type
N-Type
-Ia
Ia
Ic
-Ic

[OPO]

[NON]

-Ib

Ib

[OPP]

[NOO]

Ia

-Ia

[POP]
[OOP]

[ONO]
[NNO]

Ib
-Ic

-Ib
Ic

Medium Vector

Large Vector

[PON]

Ib

[OPN]

Ia

[NPO]

Ic

[NOP]

Ib

[ONP]

Ia

[PNO]

Ic

[PNN]

-

[PPN]

-

[NPN]

-

[NPP]

-

[NNP]
[PNP]

-

PPN

 PPO 


 OON 

 PPP 


 OOO 
 NNN 



In Section I, it was briefed that the FCS-MPC is suitable to
regulate the NPP. The detail of it is presented in this section.
First, the two-step discrete model for the FCS-MPC is
presented in this section. Second, the relationship between the
MMV and the model predictive algorithm is analysed.

PON

PNN

A. The MPC Algorithm

Fig. 3. Vectors in Sector III.

different amplitudes. Assuming that the virtual medium
vector and the original vector are used to generate the same
effect ⃗
:
{

⃗

⃗

⃗

(⃗

⃗

√

III. THE PROPOSED MODULATION METHOD

1
1
1
PON  PPO  ONN
3
3
3

 POO 


 ONN 

Proportion(Vx/Vdc)
0

⃗

)

(9)

where
is the time for the original one, and
is the
time for the virtual one. The result of Equ. (9) is
, which means that the virtual medium vector needs a
longer time than the original one to synthesize the same
reference vector.
Considering that the vectors are applied in one switching
period, a long time for the virtual medium vector means the
time for virtual small vectors is compressed. In addition, the
time used to regulate the NPP is decreased. When the NPP
drifts in a high MI, the regulation process is lengthened. To
cope with this issue, an improved strategy is presented in next
section.

The FCS-MPC utilizes discrete voltage vectors as the
elements to implement the optimal research. Its steps are as
follows:
1) Construct a mathematical model of the system.
2) Transfer this model into the discrete time domain.
3) Based on the control object, formulate the cost
function.
4) Select vectors that minimize the cost function.
Assume that the filters in the three phases are identical.
The mathematical expressions of the inverter in the
axes
are demonstrated,

{

(10)

where
is the filter inductance;
is the filter resistance;
,
are the inverter’s output voltage; and ,
are the load
voltage.
Based on the forward Euler approximation [34], the
derivative of the current is approximated to:
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(11)

where

and

are the predictive values for the

sampling instant;
where
is the current value sampled at the
instant,
and
is the predicted value at next sampling step.
Assuming the resistance is neglected, the model in the
discrete time domain is:
{

*

(

)

+

*

(

)

+

(12)

{

(

*

(

)
)

{
(
(

(16)
It can be seen from equation (16) that
is a function of
the capacitor voltage difference
, the small vector
coefficient
, the NP current of each vector , and the
dwelling time of each vector , where
.
To avoid a non-constant switching frequency, the vectors
are appropriately arranged [30], [37]. Once the vectors
are selected, the corresponding dwelling times
are decided. Two-step predictions in the
discrete time model are:

∑

(17)

)

(19)

)
(

(15)

∑
∑

) (

)

) (

)

{
With this method, the effects of the time delay in this
system are alleviated.

B. The Multistage Medium Vector Method
As mentioned before, the medium vector is the object to be
modified. The analysis previously presented indicates that the
control of medium vectors is the key to fixing these issues.
Therefore, the modified medium voltage vectors, which
consist of virtual medium vectors and the original medium
vectors, are utilized in this strategy. The proposed novel
vector is the multilevel medium vector (MMV), which has a
variable magnitude:

{

(14)

{

)(

(

(13)

where
and
are the two-step predictive
values serving as references for the current loop; and
and
are the predictive values at the
instant, which can be used to calculate the
reference for the vector selection.
The predictive equations are a basic description of the
system, the designed cost function is used to evaluate their
performance. Therefore, this is the essential part to be
discussed. The cost function consists of two parts:
is used
to reflect the effects of the output voltage, and
is used to
reflect the performance of the NP current regulation.

are the initial

(18)

+
+

and

values at the
instant;
and
are the increments
for the selected vector
in the
axes; and
represents
the corresponding time of each vector.
In the FCS-MPC, the final goal of the optimal search is to
select elements with the minimum cost function value. In this
part, three vectors surrounding the reference vector are
selected in one switching period. The vectors lead to the
minimum . Thus, their dwelling times have to satisfy (18):

where
,
,
,
,
and
are
the initial values at the
instant.
and
are the predicted value at the
instant.
The value of the back-EMF
is regarded as a constant
during the sampling period. Therefore,
.
[24], [35] indicate that a one-step delay issue exists in this
method, and [36] proposes the two-step prediction to
compensate the time delay:
*

449

|⃗
⃗
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⃗

|⃗

|⃗ |

|
⃗

⃗

(20)

where ⃗

is the conventional virtual medium vector; ⃗
is the original medium vector; ⃗
is the MMV;
is the coefficient denoting the proportion
of the virtual one in ⃗
; and ,
and
are the
dwelling times for ⃗⃗⃗ , ⃗
and ⃗
, respectively.
Since the medium vector is neither the absolutely original
medium vector nor the absolutely virtual medium one, it can
inject the NP current into the NP node according to the
conditions of the system.
Unlike the conventional FCS-MPC,
is used as an
element for an optimal search in this algorithm. Based on the
form of the FCS-MPC,
is transformed to the discrete
value
. It can be concluded from equation (20) that
. Take the extreme cases into consideration: a)
, this method is equivalent to the CVV-SVM
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(
), the value of
and
is applied
to implement the control.
c) If
is not suitable for the system, choose the next
value of
. Then repeat step (1) and step (2).
Evaluate
for the new
and store their values.
d) If the result from step (3) is suitable for the system, apply
it to implement the control. If it does not work, repeat
step (3). If all of the results are not suitable, select the
value of
which offers the minimum .

PPN

S S 4 PON
v3

SS 2

v5
PNN

 POO 


 ONN 

In this paper, the original medium vector is divided into
equivalent proportions, and each part is equal to 1/N
(N=1,2,3,4…) of the original one. The regulation of
is
add 1/N to the former value until
.
Assume that all five vectors are used. The switching
sequence is displayed in Fig. 5. Consider the least switching
process and symmetric pulses, which are preferred in the
modulation [3]. The sequence of the selected voltage vectors
is ONN-OON-PON-POO-PPO.

Fig. 4. MMV in Sector III.
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Fig. 5. Vector Sequence of

2) Sub-Sector
In this sub-sector, the NP current is the sum of
and .
The sequence of the employed voltage vectors is PPO-POOPON-PNN-ONN.

.

method; and b)
, this method is equivalent to the
CSVM method. In another words, the value of
denotes the modulation pattern switch.
Thus, the proposed algorithm can be regarded as an
improved virtual vector method. Under the assumption that
is used to regulate the NPP and
is its coefficient, the
detailed expression of
is:
|

(

)

|

(21)
The sub-sectors in one sector are also re-divided to
cooperate with the MMV. Take sector III as an example, the
novel sub-sectors are illustrated in Fig. 4. Unlike Fig. 3, the
area of each sub-sector is not constant. The dashed lines of
the same color make up the boundaries of the new sub-sectors.
According to the different values of
, the area of each
sector varies.
As can be seen in Fig. 4, one sector consists of four parts.
Based on the proposed method, the virtual medium vector and
the original one both participate in the synthesis of the
reference vector in each sub-sector. The sequence arrangement
of the vectors in one sampling period is introduced as follows.
1) Sub-Sector
Sub-sector
is a quadrilateral part in Fig. 4.
The detailed steps are shown as follows.
a) The initial value of
is set to zero. Calculate the
time of each vector with equations (6), (12), (13), (15)
and (19).
b) Calculate
in equation (21), and evaluate the result of
. If
is suitable for the system, meaning that

3) Sub-Sector
In this sector, the sequence of the employed voltage vectors
is PPO-PPN-PON-OON-ONN.
4) Sub-Sector
In this sector, the sequence of the employed voltage vectors
is PPO-PPN-PON-PNN-ONN. Since the medium vector in this
sector is the only one that generates the NP current,
manipulating the medium vector directly regulates the NPP. In
other words, when the MI is high, the MMV method can still
adjust the NPP, which exceeds the CVV-SVM method in this
regard.
As previously mentioned, the cost function is
. With a comparison of
in different
, the
optimal vectors are selected.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results
To verify the validity of the proposed algorithm, a simulation
model of the system is constructed in MATLAB. Simulation
and the experimental results of the proposed algorithm, the
CSVM method and the CVV-SVM method are presented in
this section. The parameters of the system are displayed in
Table II.
In this paper, the MI is defined as follows:
√

(22)

where
is the MI,
is the peak value of the output phase
voltage, and
is the value of the dc voltage.
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TABLE II
PARAMETERS OF THE SYSTEM

AD

𝐻

6
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500 𝜇𝐹
1000 𝜇𝐹
DC Voltage

100

Modulation Index

0.9

Switching Frequency

DSP&FPGA

5kHz

Voltage(V)

IGBT Driver
100

55

80

50

60

45
1.1

Vc1
Vc2

Fig. 7. Experimental platform.
1.3

40
20
0
0

0.2s
0.5

1

1.5

2

Time (s)

Voltage(V)

(a)
100

55

80

50

60

45
1.5

Vc1
Vc2

1.7

40
20
1.1s
0
0

0.5

1

1.5

2

Considering extreme conditions, the load of the system is
purely resistive, 10 in each phase. The initial voltage of the
upper capacitor
is 100V, and the voltage of
is 0V.
The NPP regulation starts to work at 0.2s.
As mentioned before, the proposed method can be
regarded as a hybrid of the two conventional methods. To
distinguish them, the value of
excludes 0 and 1.
It can be seen from Fig. 6 that without the virtual vector
the CSVM needs the least time to finish the regulation of the
drifted NPP, while the proposed method needs 0.3s, which is
longer than the CSVM method. The CVV-SVM method
needs almost 1.1s to finish this process, which is the longest.
However, in the steady state, the amplitude of the NPP
oscillation in the CSVM method is the largest. In the
CVV-SVM and the proposed method, the oscillation of the
NPP is eliminated. However, in the steady state, the drifted
NPP still exists in the CVV-SVM.

Time(s)

B. Experimental Results

Voltage(V)

(b)
100

55

80

50

60

45
1.1

Vc1
Vc2

1.3

40
20
0
0

0.3s
0.5

1

1.5

2

Time(s)

(c)
Fig. 6. Simulation results of the balancing process of the three
methods. (a) Balancing process of the CSVM. (b) Balancing
process of the CVV-SVM. (c) Balancing process of the MMV.

In this section, the CSVM and the CVV-SVM methods
utilize a PI controller to implement the voltage loop and the
current loop, while the proposed MMV uses the FCS-MPC
algorithm. Fig. 6 illustrates the balancing process of the three
methods.

To validate the proposed algorithm, experiments have been
implemented on a prototype of a 1KVA three-level NPC
converter in lab. Fig. 7 displays the hardware of the control
part of the converter.
The IGBT is an Infineon FS3L30R07W2H3F, the
microcontroller is a TI DSP TMS320C6748 and a Xilinx
Spartan 6E. The parameters of the system are the same as
those in Table II. The dead time of the IGBT is set to 4 .
Since the NPP oscillation elimination is the essential target
in this paper, only the CVV-SVM and the MMV are compared
in these experiments.
Fig. 8 displays the balancing process of the NPP in different
modulation indexes.
Fig. 8 displays a comparison of the CVV-SVM and the
MMV method during the balancing process. As can be seen,
although the dc-link capacitors are not identical, both
methods can fix the drifted NPP. Moreover, the oscillations
of the NPP are eliminated.
Fig. 8(a) and Fig. 8(b) display their transient process when
m=0.7. Since the MI is moderate, the small vectors in the
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Fig. 9. Vector selection time. (a) Vector selection time for the
conventional FCS-MPC. (b) Vector selection time for the MMV.

40

0
5.5

72s

0.5

2.5

(d)
Fig. 8. Experimental results of the balancing process. (a) Balancing
process of the CVV-SVM, m=0.7. (b) Balancing process of the
MMV, m=0.7. (c) Balancing process of the CVV-SVM, m=0.9. (d)
Balancing process of the MMV, m=0.9.

CVV-SVM can be used to regulate the NPP. The CVV-SVM
method needs 0.15s to fix the drifted NPP and the MMV
method needs 0.1s. Moreover, a slight difference between the
two capacitors exists in the CVV-SVM.
Accompany by an increase of the MI, the balancing
process is prolonged as analysed in Section III. Fig. 8(c) and

Fig. 8(d), which show their processes when m=0.9, reveal the
same conclusion as the analysis. The CVV-SVM method
needs 1.5s to fix the drifted NPP. Moreover, the difference
between the two capacitors still exists in the steady state. On
the other hand, the MMV method can still regulate the
voltage of the capacitors. The time of the balancing process is
almost 0.3s. The MMV participates in the regulation of the
NPP, and the dynamic performance is improved.
As previously mentioned, the reduced calculation time is
another merit of the proposed algorithm when compared with
the conventional FCS-MPC. Using the output of a DSP as the
indicator reveals the calculation time of the vector selection.
The high-level output state denotes the time that the vector
selection lasts. From Fig. 9(a) it can be seen that the vector
selection process lasts 124 . Meanwhile in Fig. 9(b), the
time is 72 . Since the optimal vector search is limited in
one sector, the time consumption is reduced.
When m=0.8, the current of phase A and the switching
state of
in the steady state are displayed in Fig. 10.
To compare the output current performance of the CVV
and the MMV, the phase current of each algorithm shown in
Fig. 10 is dealt with a FFT in MATLAB, and the results are
shown in Fig. 11.
It can be seen from Fig. 11 that the THD of the CVV-SVM
is 1.38%, and the THD of the MMV is 1.94%. In addition,
both of them are far less than 5%. The proposed method does
not significantly increase the THD of the output current.
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Fig. 10. Experimental results of current and switching waveform. (a) Current of phase A in the CVV-SVM. (b) Current of phase A in the
MMV. (c) Switching waveform of the CVV-SVM. (d) Switching waveform of the MMV.
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Fig. 11. FFT of experimental current A. (a) FFT of current A in the CVV. (b) FFT of current A in the MMV.

V. CONCLUSION
This paper proposes a multistage medium vector method
that combines the FCS-MPC to resolve the NPP oscillation
and the drifted NPP of 3L-NPC inverters. The proposed
algorithm provides adjustable magnitude medium voltage
vectors. To cooperate with the novel vector, re-divisions of
the sub-sectors and the arrangements of the voltage vectors
are provided.
Simulation and experimental results verify that in addition
to the mitigation of the NPP oscillation, the ability to fix the
drifted NPP in the proposed algorithm is less sensitive to the
modulation index. This reduces the size of the system and
improves the reliability of three-level NPC converters.
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