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Abstract: In this paper, a model predictive control (MPC) scheme with an enhanced active voltage
vector region (AV2R) was developed and implemented to achieve better steady-state performance and
lower total harmonic distortion (THD) of the output current for a vehicle-to-grid (V2G) inverter. Firstly,
the existing MPC methods conducted with single vector and two vectors during one sampling period
were analyzed and the corresponding AV2Rs were elaborated. Secondly, the proposed strategy was
investigated, aiming at expanding the AV2R and improving the steady-state performance accordingly.
A formal mathematical methodology was studied in terms of duty ratio calculation. Lastly, the
proposed method was carried out through experimentation. For comparison, the experimental
results of the three mentioned methods were provided as well, proving the effectiveness of the
proposed algorithm.
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1. Introduction

For the sake of fast development of electric vehicle (EV), pertinent research and studies, such as
on motor drive [1], battery charger [2] and vehicle to grid (V2G), have received ever-increasing concern.
In particular, the V2G system is increasingly emphasized due to its distinct advantages in terms of
both EVs and the grid. With respect to EVs, the function can be expanded through the V2G system,
and hence, the cost-effectiveness is increased [3]. Meanwhile, for the power grid, V2G creates some
interesting features, e.g., the active and reactive power adjustment, the load balance and the frequency
regulation, as well as the improvement of the efficiency, stability and reliability [4–6].

As a mobile energy storage unit, the capacity of a single EV is inevitably limited, such as the
4 kWh of the Toyota Prius plug-in hybrid EV and the 85 kWh of the Tesla Model S [3]. Therefore,
with respect to the power grid, an individual V2G operation is insufficient and insufficient. However,
research on V2G operation for the single EV is still meaningful to alleviate the undesired influence
on the grid, especially the current harmonics. This paper concerns the V2G operation of single EV,
as shown in Figure 1a. In essence, a V2G structure of the single EV is an inverter connected with
the grid and powered by the EV battery. Generally, the mainstream control strategies of the inverter
consist of hysteresis current control (HCC) method and proportional-integral (PI) or proportional
resonance (PR) controller based on the pulse width modulation (PWM). Particularly, the classical HCC
method introduces non-uniform switching frequency, thereby leading to its limited application [7]. To
counter this issue, the hysteresis band was modified to operate a uniform switching frequency, while
the updated process will inevitably complicate the calculation [8]. With respect to modulation-based
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control schemes, PI-PWM schemes are utilized to regulate the output current, voltage or power [9].
To obtain better power factor correction performance under the full range of modulation index, a
hybrid modulation scheme was provided in [10], where the conventional space vector PWM (SVPWM)
was combined with the virtual-vector-based SVPWM. In addition, it should be noticed that the
PR-PWM regulator is an alternative solution in terms of the elimination of the steady-state error [11].
Normally, modulation-based PI or PR control strategies feature a good steady-state performance at
expenses of reduced dynamic performance, while the parameters tuning in the PI or PR controller is a
time-consuming and complex task as well. Another modulation-related method is the combination of
model-based dead-beat and the SVM (DB-SVM) strategy [12]. Unlike PI (or PR)-PWM methods, the
reference voltage vector in the DB-SVM scheme is directly determined according to the discretized
mathematical model of inverter, leading to a faster dynamic response.
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Figure 1. Vehicle to grid (V2G) system for the single vehicle: (a) Representational figure; (b) The 
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Figure 1. Vehicle to grid (V2G) system for the single vehicle: (a) Representational figure; (b) The
circuit topology.

Recently, the model predictive control (MPC) algorithm has come into the focus of attention
since it is characterized by a fast dynamic response, feasible implementation of multi-objective control
and strong dynamic decoupling performance [13–21]. It has to be mentioned that the MPC method
has some drawbacks, including unfixed switching frequency, lower steady-state performance and
undesired computation burden [22], and hence, this limits its implementation in industrial application.
To perform the constant switching frequency as well as better steady-state performance, numerous
improved MPC methods have been presented. In [23], an MPC using discrete space vector modulation
(DSVM) is provided while it yields a higher computation burden [24,25], since 12 vectors must be
evaluated during one sampling period. Moreover, a novel MPC scheme based on the space vector
modulation (SVM) concept is studied and implemented for a three-level inverter in [26], where the
optimum voltage vector is generated through nullifying the derivative of the cost function. In addition,
an improved MPC with second modification has been successfully developed for a three-level converter
in [27], where the duty-ratios of three vectors are reasonably regulated to achieve a better steady-state
performance. In particular, when compared with the DB-SVM method, this scheme can readily realize
the multi-objective control by the employment of cost function. Unfortunately, the computation burden
is ultra high due to the second optimization for mickle combinations of cost function values [28]. On
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the whole, these improved arts are to extend the active voltage vector region (AV2R), which will be
discussed in Section 2.2, while the computation burden is highly increased, thus complicating the
optimization process.

To achieve enhanced AV2R and improved steady-state performance, this paper studies an MPC
method in conjunction with SVM concept. Meanwhile, the good dynamic performance of traditional
MPC is retained and fixed switching frequency can be acquired in a manner two adjacent active vectors
and two null vectors are applied during one sampling period. Significantly, a formal mathematical
methodology is conducted in terms of duty ratio calculation for null and active vectors. Moreover, an
SVM-based PWM generation method is studied, aiming at reducing the on/off losses and unifying the
switching frequency.

This paper is organized as follows: in Section 2, the mathematical model of two-stage
grid-connected inverter for V2G is given and analyzed, which consists of a three-phase inverter
and a DC/DC converter. Meanwhile, three existing MPC methods for inverter are analyzed and then
the AV2Rs in these methods are elaborated. The proposed MPC method that comprises the duty-ratio
calculation of the null vector and active vectors determination is conducted in Section 3, where the
implementation of AV2R in the proposed method is also discussed. In Section 4, experimental results
are examined to verify the effectiveness of the proposed method. Finally, conclusions are presented in
Section 5.

2. Modeling and Control of Grid-Connected Inverter for V2G

2.1. Modeling of Two-Stage Grid-Connected Inverter

Referring to Figure 1b, a two-stage grid-connected inverter for V2G is studied in this paper. A
DC/DC converter is employed to match the battery voltage and the dc-link voltage, while the two-level
inverter converts DC power to AC power absorbed by the grid.

In general, the battery voltage of EV is rated from 300 V to 400 V. However, with respect to
the grid-connected inverter, the restriction between dc-link voltage and grid-side voltage must be
satisfied as:

udc ≥
√

2eline (1)

where udc is the dc-link voltage of the inverter; eline is the line-voltage of the grid rated at 380 V as
in China.

Due to the bidirectional circuit in the cascaded structure as shown in Figure 1, two operating
modes can be initiated, i.e., charging mode and V2G mode. For charging mode, it has to be noticed
that the DC/DC part is operated as a buck converter, while the two-level inverter is carried out as
a rectifier. In turn, the system is powered by the battery if V2G mode is initiated. In this case, the
DC/DC converter operated as a boost circuit upgrades the battery voltage to fulfill the requirement
of udc. Out of the two modes, the V2G operation is targeted for this paper. Concerning the required
DC/DC converter, the mathematical model can be derived as:

Dboost =
udc − ubat

udc
(2)

where Dboost is the duty cycle of Sboost; ubat means the battery voltage.
Next, according to the Kirchhoff voltage law, the mathematical model of the grid-connected
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where L is the output filter inductance; R is the line resistance; ei and ii (i = a, b, c) are the grid voltages
and output currents, respectively; uiN is the converter-side voltage, determined by the switching states
Si. For the sake of conciseness, Si = 1 means the upper switch of phase i is ON, while Si = 0 means the
down switch is ON.

Note that (3) is established at each instant, thus, regulation of the output currents can be realized
by varying the states of Si. However, due to the inter-coupling relationship among three phases, the
design of the control strategy based on (3) is very demanding. Generally, it is widely acknowledged
that the decoupling methods can be implemented at two different coordinate planes, i.e., αβ and dq
frames. In this study, a Park’s transformation with invariant amplitude criterion is applied as:

Tabc/dq =
2
3

[
cosθ
− sinθ

cos(θ− 2π/3)
− sin(θ− 2π/3)

cos(θ+ 2π/3)
− sin(θ+ 2π/3)

]
(4)

where θ is the angle of the d-axis relative to the a-axis.
Thereafter, the mathematical model of grid-connected inverter in dq frame can be deduced as: L did

dt

L
diq
dt

 = [
ud
uq

]
−

[
R ωL
−ωL R

][
id
iq

]
−

[
ed
eq

]
(5)

where the subscripts d and q imply the d-q axis components; ω is the angle frequency of grid voltage.
In essence, the MPC method is a discrete solution to optimize the future behavior of the system,

which is applicable in the digital controller. Thus, the continuous model shown in (5) should be
transformed to the discrete model. For the sake of simplicity, the future behavior of the control variables
is deduced by the forward Euler method as: L

ik+1
d −ikd

Ts

L
ik+1
q −ikq

Ts

 =
[

uk
d

uk
q

]
−

[
R ωL
−ωL R

][
ikd
ikq

]
−

[
ek

d
ek

q

]
(6)

where the superscript k represents the kth sampling period; Ts is the sampling period.

2.2. Existing MPC Methods and Corresponding AV2Rs

For a two-level inverter, eight feasible voltage vectors (six active and two null voltage vectors)
can be obtained according to the switching states, as presented in Figure 2a. In classical MPC method
(termed as MPC1), the system can be simultaneously controlled by evaluating a cost function. With
respect to the mentioned V2G inverter, the objective is to regulate the output current i = [id, iq]T. Hence,
the cost function can be constructed as:

g = ‖ire f
− ik+1

‖
2

(7)

Thereafter, eight feasible vectors are utilized to evaluate the cost function and the optimal vector
is selected by minimizing the cost function. Nevertheless, since the switching state alternates between
0 and 1, the AV2R (highlighted with red) is insufficient and seven points are merely covered from the
graphical subject of view, as observed in Figure 2b. As such, the applied vector is limited to these
points. In this manner, the locus of applied vectors is necessarily discontinuous, and therefore, the
control effect is also relatively limited.
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Figure 2. Feasible voltage vectors and active voltage vector region (AV2R) of existing model predictive
control (MPC) methods: (a) Feasible voltage vectors; (b) AV2R of MPC1; (c) AV2R of MPC2; (d) AV2R
of MPC3.

To this end, an improved strategy using the DSVM method is studied in [23], termed as MPC2.
Twelve virtual vectors in conjunction with eight actual vectors are evaluated during each sampling
period. Hence, as illustrated in Figure 2c, the AV2R is extended to 19 points from seven points, which
results in that the computation burden is increased extremely. Furthermore, a duty-ratio-based MPC is
developed for a three-level inverter in [26], termed MPC3. Carrying out this algorithm in the two-level
inverter, AV2R of six lines can be covered due to that the null vector is inserted as shown in Figure 2d.
However, both of these two arts still suffer from the problem of an inadequate AV2R, and hence, the
discontinuous locus of applied vectors.

Comparatively, the art proposed in [27] for a three-level converter is outperforming in terms of the
AV2R. When this method is extended to the two-level inverter, the AV2R will reach the whole hexagon
region. Nevertheless, all the actual vectors as well as the vector combinations of the six sectors should
be assessed in the two-level inverter, which will introduce an exceptionally high computation burden.

3. Proposed MPC Method

From the aforementioned analysis, although MPC2 and MPC3 schemes can provide a better
performance, both of them are weak if they stack up against the conventional PI-SVPWM method,
which can yield an AV2R of the whole hexagon area. In order to address this issue, a four-vector-based
MPC is proposed, in which two adjacent active vectors along with two null vectors are applied during
each sampling period. In this way, a modulation-like behavior can be realized, yielding the desired
steady-state performance and unifying the switching frequency. Meanwhile, it should be mentioned
that the excellent dynamic response inherent to the classical MPC can be retained. The control diagram
of the proposed MPC is presented in Figure 3. Each part is elaborated as follows.
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3.1. Determination for Two Active Voltage Vectors

In the classical MPC, an optimal vector can be selected through the evaluation of cost function.
Based on this concept, two active vectors are selected with a two-stage cascaded algorithm.

The first stage is to determine the optimal vector using conventional MPC. It is noteworthy that
the number of voltage vector candidates is six (V1-V6) instead of eight. For the sake of convenience, the
optimal vector is counted as u1. Next, the second stage is to decide the suboptimal vector (termed as u2)
from the vectors adjacent to the optimal one. For instance, supposing that the optimal vector is V1, then
V2 and V6 are the two adjacent vectors and selected as the candidates associated with the suboptimal
vector. Then, if the cost function value generated by V2 is smaller than that generated by V6, V2 will be
selected as the suboptimal vector and vice versa. In the same manner, the candidate vectors can be
picked out for the other cases (as listed in Table 1), and the suboptimal vector can be determined.

Table 1. Optimal vector and corresponding candidates associated with the suboptimal vector.

Optimal Vector Candidates Associated with the Suboptimal Vector

V1 V2 V6
V2 V1 V3
V3 V2 V4
V4 V3 V5
V5 V4 V6
V6 V5 V1

3.2. Duty Ratio Regulator

In fact, according to the traditional PI-SVPWM method, the locus of applied vectors is generally
round in shape within the hexagon range illustrated in Figure 2a, where the null vectors are commonly
adopted for the better steady-state performance. Therefore, apart from two active vectors determined
in Section 3.1, two null vectors V0 and V7 (counted as u0) are inserted during each sampling period as
well. This subsection introduces a formal mathematical methodology and targets the calculation of the
duration for u0, u1 and u2.

Indeed, the value of cost function (7) expresses the square of current error, termed as ε2. Since
the sampling period is extremely short in general, this error could be mentioned as a linear variable
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relevant to the duration of the corresponding vector [27]. Hence, considering the case where u0, u1 and
u2 are applied and their durations are d0, d1 and d2, the value of cost function can be approximated as:

g = ε2 = ε(u0)
2d2

0 + ε(u1)
2d2

1 + ε(u2)
2d2

2 (8)

where ε(uk)2 (k=0, 1 or 2) is equal to the corresponding cost function value generated by uk.
Note that d0, d1 and d2 subject to the following constraints:

d0 + d1 + d2 = 1
0 ≤ d0 ≤ 1
0 ≤ d1 ≤ 1
0 ≤ d2 ≤ 1

(9)

In this manner, the objective is to determine an optimal set of duty ratios with respect to a given
(u0, u1, u2), thereby minimizing (8) accordingly. This optimization along with constraints is usually
called as the conditional extremum problem, which could be effectively solved by employing the
well-noted Lagrange multipliers method in conjunction with the Hessian matrix. By these means, the
optimal set of duty ratios, termed as (d0

*, d1
*, d2

*), can be calculated by the utilization of (10) and the
Hessian matrix G is provided in (11). Particularly, G is a positive definite matrix with respect to the
calculated (d0

*, d1
*, d2

*); namely, this set of duty ratios corresponds to the minimum point of (8). In fact,
this problem can be solved using the convex optimization theory and the same result can be deduced
as well. 

d∗0
d∗1
d∗2

 =


ε(u1)
2ε(u2)

2

ε(u0)
2ε(u1)

2+ε(u1)
2ε(u2)

2+ε(u2)
2ε(u0)

2

ε(u0)
2ε(u2)

2

ε(u0)
2ε(u1)

2+ε(u1)
2ε(u2)

2+ε(u2)
2ε(u0)

2

ε(u0)
2ε(u1)

2

ε(u0)
2ε(u1)

2+ε(u1)
2ε(u2)

2+ε(u2)
2ε(u0)

2

 (10)

G
(
d∗0, d∗1, d∗2

)
=


∂2 g
∂d2

0

∂2 g
∂d0∂d1

∂2 g
∂d0∂d2

∂2 g
∂d1∂d0

∂2 g
∂d2

1

∂2 g
∂d1∂d2

∂2 g
∂d2∂d0

∂2 g
∂d2∂d1

∂2 g
∂d2

2



∣∣∣∣∣∣∣∣∣∣∣∣∣ d0 = d∗0
d1 = d∗1
d2 = d∗2

=


2ε(u0)

2 0 0
0 2ε(u1)

2 0
0 0 2ε(u2)

2

 (11)

3.3. PWM Generation

For the power electronics and inverter-based machine drive, the PWM generation strategy is the
final step of the digital implementation. Since both the proposed method and SVM strategy apply two
adjacent active vectors and two null vectors during each sampling period, their PWM generations are
essentially the same, as illustrated in Figure 4. For example, assuming that the two selected active
vectors are V1 and V2, the sequence of vector actions is V0-V1-V2-V7-V2-V1-V0, as shown in Figure 4a.
This operation provides two interesting features simultaneously. On the one hand, just one-phase
switching state alters at any instant and reduces the switching loss to some extent. On the other hand,
similar to the conventional PI-SVPWM method, the switching frequency is unified since the switching
state changes twice during each sampling period. This feature creates an advantage worth mentioning
in terms of filter design.
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3.4. AV2R Analysis and Summary of the Proposed MPC

Consequently, the proposed method can enhance the AV2R and improves the steady-state
performance consequently. Note that (d0

*, d1
*, d2

*) is calculated by solving the optimization problem
with constraints shown in (10), which ensure (d0

*, d1
*, d2

*) is a feasible solution. Hence, the proposed
method can expand the AV2R to the region of the whole hexagon theoretically, as presented in Figure 5.
Compared to three methods of MPC1-3, since all vectors within the hexagon can be generated, the
proposed method yields a sufficient AV2R to create the continuous locus of applied vectors and hence
leads to a better steady-state performance.
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To sum up, the implementation of the Lagrange multipliers method to determine the duration
of the null vector and two active vectors is the core idea of this paper. The process of the proposed
algorithm steps can be listed as follows.

Step 1. Measurement of grid-voltage and output currents. Then, to calculate θ, id, iq, ed and eq

using phase-locked-loop (PLL) and Park’s transformation.
Step 2. Determination of two active voltage vectors using MPC1, as discussed in Section 3.1.
Step 3. Duty ratio calculation for null and active vectors, as discussed in Section 3.2.
Step 4. PWM generation based on the SVM concept, as discussed in Section 3.3.

4. Experimental Results

In order to verify the effectiveness of the proposed method, a test prototype of the grid-connected
inverter was conducted, as shown in Figure 6. For the AC-side, a 1 kW three-phase transformer was
utilized. Both primary and secondary windings of the transformer were Y-connected, while the neutral
point was not elicited, and the ratio was 10:1. Meanwhile, three inductors with 5 mH/0.7 Ω were
employed as the output filter inductances. For DC-link, an adjustable dc power supply was used to
emulate an EV battery and the dc/dc converter was not required consequently. The dc power supply
could provide a maximum voltage of 300 V, while the tested voltage was 150 V. Moreover, the three-leg
inverter consisted of three FF300R12ME4 (Infineon) modules. Two current sensors WHB25LSP3S1
were utilized to measure the output currents (ib and ic). The grid voltages (eab and ebc) and dc-link
voltage were measured using three voltage sensors WHV05AS3S6. Furthermore, a TMS320F28335
digital signal processor was employed to implement the real-time control code, which was developed
with C language in Code Composer Studio 6. 0. The sampling frequency was set to 10 kHz. What
should be noted is that the grid voltage ea was exported to the oscilloscope through digital to analog
(D/A) channel since the neutral point of the used transformer was not elicited. Here, a D/A chip
AD5344BRU was utilized to implement the D/A function.
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4.1. Steady-State Performance Comparison

At first, the steady-state performance comparison was carried out. The d-axis current reference
idref was set to 8 A and the power factor angle ϕ was set to 0. In this case, the inverter was operated
under the unity power factor condition. The total harmonic distortion (THD) analysis was conducted
using the fast Fourier transform (FFT) tool of the MATLAB/Simulink powergui block.

The results are presented in Figure 7. It can be observed that the four MPC methods yielded
sinusoidal output currents and the peak-value of currents was about 8 A. Meanwhile, the unity power
factor operation could be realized. However, MPC1, MPC2 and MPC3 provided THDs of 19.73%,
15.68% and 17.28%, respectively. Comparatively, the THD generated with the proposed MPC was
within 10%. This extreme improvement was as expected since the proposed MPC can extend the
AV2R to the whole hexagon instead of some points or lines in the existing arts. In other words,
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the proposed MPC can create a continuous-changed control signal, while the existing methods just
created step-changed signals. This comparison proves that the steady-state performance can be greatly
enhanced and the tracking accuracy can be realized using the proposed MPC.
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4.2. Dynamic Performance Comparison

Next, the d-axis current reference step-change test was implemented to investigate the dynamic
performance of the proposed MPC method. The d-axis current reference idref was suddenly changed
from 8 A to 5 A. Meanwhile, it should be noticed that the power factor angle ϕ was maintained as 0 to
ensure the unity power factor operation.

The experimental waveforms are illustrated in Figure 8. Four MPC methods can provide a fast
transient of the current response. Meanwhile, the unity power factor operation can also be realized
under the post-step-change condition. The peak-value of phase currents was about 8 A and 5 A in the
two cases, respectively. This comparison indicates that the proposed art does not sacrifice the dynamic
performance to generate a better steady-state performance. Indeed, MPC methods determined an
optimal control signal to regulate the control variable and the proposed method provided a novel
implementation of optimization process while it retained the excellent dynamic performance of the
classic MPC method.

4.3. Performance under Non-Unity Power Factor Conditions

With respect to the V2G system, the adjustment of active and reactive power was an essential
task. To evaluate the gird-connection performance under the non-unity power factor conditions, two
cases where the power factor angle ϕ was suddenly changed from 0 to π/6 and from 0 to –π/6 were
implemented, respectively. The results are presented in Figure 9.
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From Figure 9a,c, it can be found that excellent dynamic response can be achieved when ϕ had a
sudden change. In particular, from Figure 9b, the phase current ia was shifted about π/6 with respect
to ea and the peak-value of the phase current had a slight increase, which can be explained by the
fact that iqref desires a non-zero value under non-unity power factor condition. A similar result can
be seen in Figure 9d, and a shifted angle of –π/6 of phase current can be generated. These results
validated that excellent performance under non-unity power factor conditions can be obtained using
the proposed MPC.

4.4. Some Discussions

The obtained results verify that the proposed method can provide better steady-state performance
and maintain the inherited dynamic capability. Nevertheless, there are several practice-related issues
that should be further discussed.

On the one hand, with respect to the equal voltage value, a DC power supply performs the same
electrical characteristic as a healthy battery pack installed onboard the EV when the consideration of
battery internal resistance variation is ignored, hence, it is quite feasible to conduct the proof-concept
prototype with a DC power supply. It should also be noted that this replacement will be ill-suited
when the battery pack suffers from internal resistance variation during a long-term deep discharge
process. In practice, the higher internal resistance will lead to a relatively lower output voltage, which
may yield an unsatisfactory implementation of the V2G system.

On the other hand, when the grid current has a peak value of 8 A, the voltage loss on the filter
inductor will be about 18% (with respect to the voltage of the transformer’s secondary side) due to the
0.7 Ω internal resistance of the filter inductor. To compensate for the voltage loss, the dc-link voltage
must be increased, which in turn results in a large current ripple as observed in the experimental
results. For the alleviation of the problems of the high dc-link voltage accompanied with the large
current ripple, the filter inductor with lower internal resistance can be theoretically adopted. Moreover,
the utilization of LCL filter can be regarded as an alternative solution because it holds the definite
merit of a better performance in terms of the electromagnetic interference suppression.

5. Conclusions

In this paper, an MPC method with an enhanced AV2R was proposed for a two-level grid-connected
inverter. First of all, three existing MPC methods and the corresponding AV2Rs were analyzed and
discussed. Thereafter, to improve the steady-state performance of the MPC method, a formal
mathematical methodology was studied in terms of duty-ratio calculation, in which the well-known
Lagrange multipliers method and the Hessian matrix were applied. The AV2R of the proposed MPC
method and an SVM-based PWM generation strategy were elaborated as well. Finally, the experimental
results of the proposed MPC were presented. Moreover, to prove the effectiveness of the proposed
method, three mentioned MPC methods were conducted. The comparative results verified that the
proposed MPC method can improve the steady-state performance and retain the excellent dynamic
performance of the classic MPC method simultaneously. Furthermore, the grid-connected operation
under non-unity power factor conditions can also be realized using the proposed art, ensuring that the
V2G system is characterized with excellent performance under different desired power factor.
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