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SECTOR-BASED FINITE-SET MODEL PREDICTIVE
CONTROL OF THREE-LEVEL GRID-CONNECTED
INVERTERS

Yuanyi LIU*

In order to address the issue of imbalance in the midpoint voltage of a three-
level grid-connected converter and enhance control performance and output quality,
we propose a novel approach utilizing finite set switch state predictive control.
Firstly, we establish a mathematical model for the three-level grid-connected
inverters and introduce the finite set switch state model to accurately depict its
dynamic behavior. Secondly, we employ a simplified model predictive control
algorithm, based on sector division, to calculate the optimal switch state sequence
and achieve closed-loop control of the output current. Finally, we conduct simulation
experiments to validate our proposed method. The results of these experiments
demonstrate the effectiveness of our approach in accurately controlling the voltage
and current of the three-level grid-connected converter and effectively mitigating the
imbalance in the midpoint voltage.
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1. Introduction

With the rapid development of power electronics technology, the three-level
Neutral-Point-Clamped (NPC) inverter, as a high-performance, high power density
inverter structure, has been widely applied in renewable energy generation systems,
AC motor drives, and other fields. This inverter's individual switching devices bear
a smaller voltage stress, making it easier to achieve high power or high voltage level
output. It has smaller dv/dt, better output harmonic performance, and the grid-
connected filter occupies a smaller volume [1-3].

Over the past three decades, Model Predictive Control (MPC) has become
a research hotspot both domestically and internationally. Initially, MPC was
employed in the field of process control. However, it wasn't until 1983 that scholars
introduced it to the realm of power electronics, making it shine brightly in this
domain. In recent years, with the rapid advancement of microprocessors, MPC has
swiftly become the effective method and key technologies control method for
power converters and drives [4-6].
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A review of existing literature reveals the extensive application of MPC
across various sectors within power electronics. For instance, research [ 7] presented
a model-free predictive current control for synchronous reluctance motor drives,
addressing their parameter robustness issues. Another study [8] proposed a
predictive current control method for permanent magnet synchronous motors, while
research [9] introduced a predictive speed control method for the same type of
motors. Further, an in-depth exploration of model predictive direct torque control
for AC motors was presented in research [10].

In the domain of grid-connected rectification and inversion control, MPC
was integrated into two-level power converters by research [11], setting the stage
for subsequent applications in power converters. The pioneering work of research
[12] implemented MPC in three-level power converters, incorporating controls for
output current, neutral point voltage, and switching frequency. The application of
model predictive control has also significantly expanded into multilevel converters,
as well as in the fields of Uninterruptible Power Supplies (UPS), active power
filters, and DC-DC converters, as evidenced by research [13-15].

There are two kinds of model predictive control used in power electronics:
Finite-set model predictive control (FCS-MPC) and Continuous-set model
predictive control (CCS-MPC). CCS-MPC is a model predictive control containing
a PWM modulator, whose predictive controller produces continuous outputs
converted into switching states via the modulator. Modulated MPC can achieve
multi-objective optimization control, typically including controls for grid current,
neutral point voltage, and common mode voltage. However, since this method
incorporates a modulator, it's generally challenging to optimize the switching
frequency. FCS-MPC, without a modulator, generates a limited number of
switching states. It uses these finite states to resolve the optimization problem,
selecting the best switch state through a cost function. The optimal switching state
obtained is subsequently employed to drive the converter, benefiting from the
absence of a modulator. As a result, FCS-MPC exhibits remarkably faster dynamic
response characteristics. Additionally, it's easier to embed various constraints into
the predictive control algorithm, making FCS-MPC an essential method for solving
multi-objective optimization problems [16-20].

The primary goal of this research is to overcome the limitations associated
with traditional PID-based PWM control methods when tackling neutral point
challenges in a three-level NPC inverter. These challenges include fluctuations in
neutral point voltage and increased current harmonics. To this end, a novel FCS-
MPC approach is proposed, specifically designed to suppress neutral point voltage
and enhance both control performance and output quality of the inverter system.
However, it is worth noting that the conventional FCS-MPC control algorithm
necessitates multiple loop solutions (27 times) within each sampling period,
resulting in significant online computational burden. In order to address this issue,
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this paper introduces an improved FCS-MPC control algorithm with neutral point
voltage suppression sector division, which notably mitigates the neutral point
voltage while reducing the overall online computation. The key finding of this study
is that this algorithm can effectively enhance control performance, optimize output
quality, and hold significant practical implications.

2. NPC Three-Level Grid-Connected Converter
2.1 NPC Three-Level Inverter Circuit Topology

The circuit topology structure of the NPC three-level inverter is illustrated
in Fig. 1. It consists of several components: the DC-side power supply (Udc),
voltage dividing capacitors (C1 and C2), three groups of switching bridge arms
comprising four power switches each (VT1 to VT4) and two clamp diodes (D1 and
D2), an output filter inductor (L), and the midpoint of the DC voltage dividing
capacitor (O). Additionally, the neutral point of the grid (N) is connected with a Y-
type load [21-23].
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Fig.1. Circuit topology of the NPC three-level inverter.
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2.2 State Combinations of NPC Three-Level Inverter

Taking phase A as an example, when the upper bridge arm power switches
VT1 and VT2 are on, and the lower bridge arm switches VT3 and VT4 are off, the
inverter output is Udc/2, defining the inverter output state as P state at this time.
Similarly, as shown in Fig. 2, when the inverter output is 0, it is in the O state, and
the output is —Udc/2 in the N state [24-26].
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Fig.2. Output state of the NPC three-level inverter.

For analytical purposes, in this context, the switching functions of phases
A, phases B, and phases C in the three-level inverter are defined as Sa, Sb, and Sc,
respectively. These functions are uniformly denoted by (j=a, b, ¢), with potential
values of -1, 0, or 1, as depicted in Table 1:

Table 1
Relationship between single-phase switch state and output voltage

Output VTl VI2 VI3 V4  Sa
Voltage
Udc/2 1 1 0 0 P(1)

0 0 1 1 0 0(0)
-Udc/2 0 0 1 1 N(-1)

2.3 Space Voltage Vector

The voltage at the inverter's output relative to midpoint O can be represented
as:

UC
Ujo =25, (1

Assuming the system is symmetrical, it can be deduced from (1) that the
voltage of the inverter relative to the grid's neutral point is:

Ual y [2 2 s
Uy |==%|-1 2 -1]ls, (2)
u,, 11 2,

Thus, the reference voltage vector is defined under equal amplitude
conditions as expressed in equation (3):

2 4
v :é(UaN "‘UbNeJ? +UcNeJ?) (3)
Transforming the coordinates of equation (3) into the af coordinate system

is shown as:
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Through substituting the 27 switch states of Sa, Sb, and Sc into equation
(4), a vector is obtained for each combination, yielding a comprehensive set of
expressions for spatial voltage vectors. This set encompasses a total of twenty-
seven vectors, consisting of three zero vectors, six large vectors, twelve small
vectors, and six medium vectors. These vectors are visualized and represented in
the aff coordinate system, as illustrated in Fig. 3:
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Fig.3. Three-level Vector Diagram

3. Predictive Mathematical Model of the Three-level NPC Inverter

3.1 Predictive Mathematical Model

Combining the topology of the three-level NPC inverter from Fig. 1 with
Kirchhoff's law, its mathematical model in the three-phase stationary coordinate
system can be represented as (5), where j = a, b, c:

i u u i

Li ia = uaN — ua1 -R ia (5)
dt b | bN b b
ic ucN uc ic

Transforming from the stationary abc coordinate system via Clark's
transformation to the a-f two-phase stationary coordinate system, the equation is:

il Lo Lo ol ©

The forward Euler discretization is applied to the load current in equation

(6):
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[?a(k +l)} _ E[Ua (k) —e, (k)}+(1—ﬂ)[i"(k)} 7
i, (k+1) | L|u,k)—e,(k) L7, (k)

In equation (7), ia(k+1) and if(k+1) are the predicted output current values
at the moment k+1/, while ia(k) and if(k) are the output current values at moment
k.

3.2 Analysis of Midpoint Voltage

NPC three-level inverters are known to experience issues with DC capacitor
voltage imbalance. This imbalance in the voltages across the DC side capacitors
can result in fluctuations in the midpoint voltage. The imbalance of midpoint
voltage is an inherent issue in NPC three-level inverters and may have adverse
effects.

The root cause of the imbalance in midpoint voltage is as follows: The NPC
three-level inverter comprises twenty-seven vectors, out of which six are large
vectors and three are zero vectors, representing the three-phase output connected to
the positive and negative DC bus lines, which do not impact the midpoint voltage.
However, when employing medium and small vectors, at least one phase output is
linked to the zero DC bus line, forming a current loop with the positive (or negative)
DC bus line. This loop results in charging and discharging of the DC capacitor,
thereby causing fluctuations in the midpoint voltage. [27-29].

As shown in Fig. 4, the midpoint voltage is defined as: uO=(ucl+uc2)/2

Where uCl and uC2 are the voltages across capacitors Cl and C2,
respectively.

. k+1)—ug (K
C%ﬂm Discretization szlﬂ (8)
t S
du U, (k+1)—u,(k)
CcC—2—| c2 c2 —
dt c2 c T Icz

s

Define the midpoint current Jo, which satisfies equation (9)

I, — Icz = Io (9)
If the midpoint current is not zero, it is said that the inverter's midpoint
voltage 1s unbalanced:

cl

I, =@-S,%i, +@-S,%i, +(@-S.)i, (10)
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From equations (8) to (10), equation (11) can be derived:
U, (K+1) —u,,(k+1)

=U4k)+%{ﬂ—sfﬁa+0—Sfﬁb+a—55ﬁd

TS
=Uo(k+D) =u, (k) +- 1, (k) (11)

3.3 Selection of Cost Function

The basic idea of model prediction is to use the predictive model to select
an optimal state from all possible states over a few future sampling periods. This
state minimizes the cost function. This control algorithm has advantages such as
simple theory, changeable constraints, and flexible design options for different
control systems.

For the traditional load current FCS-MPC control algorithm, the selected
cost function is shown in equation (12)

i, (k+D) =i, (k+1)[+

g,= iy (k+1) =i, (k+ 1)

(12)
Where: ia*(k+1) and if*(k+ 1) are the current reference values, ia(k+1) and
ip(k+1) are the predicted current values. The goal of using the current model
predictive control is to stabilize the output current control.
To meet the objectives of both current control and midpoint voltage control,
it's necessary to reconstruct the cost function.
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i, (kD) =i, (k4 D]+ i, (k+D) =iy (k+D)|
+A[0-u, (k +1)|

gj=

(13)

Where: A is the weighting coefficient for midpoint voltage balance control.
By adjusting the value of A, midpoint balance control can be achieved.

4. FCS-MPC Control Algorithm
4.1 Traditional FCS-MPC Control Algorithm

The conventional FCS-MPC algorithm is a model predictive control-based
optimization algorithm utilized for real-time control of systems. Its essential steps
can be summarized as follows [30-31]:

(1) System Modeling: First, a mathematical model, such as a state-space
model or transfer function model, is established for the system to be controlled.
This model reflects the dynamic behavior and input-output relationship of the
system.

(2) Prediction Problem: At the beginning of each control cycle, the known
system model and current state information are used to predict the system's behavior
over a future period. This usually involves discretizing the system model and
calculating predicted states and outputs based on the current state.

(3) Optimization Problem: The prediction problem is transformed into an
optimization problem. The goal is to find a set of optimal control inputs to minimize
specific performance metrics. These metrics could be related to tracking errors,
energy consumption, system stability, and other criteria.

(4) Constraint Conditions: Within the optimization problem, system
constraints, such as input limitations, output constraints, or inherent system
constraints, must be considered. These constraints help ensure that the chosen
control inputs are within a safe range and prevent system overloads or instabilities.

(5) Solve the Optimization Problem: The optimization problem is solved by
utilizing numerical optimization methods such as quadratic programming or linear
programming, which take into account the predefined objective function and
constraints. This process enables the acquisition of optimal control inputs.

(6) Implement Control Input: The optimized control inputs obtained in the
previous step are then implemented on the actual system. As a result, the system's
state and output are modified accordingly, marking the transition to the next control
cycle.

(7) Loop Control: By continuously repeating the steps above, real-time
control and adjustment of the system are achieved, adapting to system changes and
meeting control objectives.
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The traditional FCS-MPC control algorithm, based on model prediction,
iteratively solves the optimization problem to better predict system behavior and
dynamically adjust system control inputs. This algorithm offers excellent
performance and stability and is widely used in various real-time control systems.
The control diagram depicted in Fig. 5 showcases the three-level inverter, which is
based on current control FCS-MPC[32-33] .
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Fig.5. Model Predictive Control Diagram of the Three-Level NPC Inverter
In practice, to compensate for time delays, the predicted current can be
further predicted as:

{ia(k + 2)} ~ E{ua(k +1)—e, (k +1)}

i, (k+2) | L|u,(k+D)—e,(k+1)
RT,,| 1. (k+1) (14)
B )Lﬁ(kﬂ)}

The control principle of two-step prediction requires the use of two-step
prediction to offset delays, which involves predicting the inverter side current
reference value at time k+2. Consequently, it becomes essential to delay
compensate the reference value of the inverter side current at time k in order to
obtain the inverter side current reference value at time k+2.

The conventional FCS-MPC algorithm, illustrated in Fig. 6, employs an
exhaustive enumeration of all possible switch combinations to search for the
converter system output switch state combination that minimizes the cost function
value. The optimal switch state combination is then utilized in the inverter control
algorithm.
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Fig.6. Flowchart of the Traditional FCS-MPC Algorithm for Three-level NPC Inverter
4.2 Sector-based FCS-MPC Control Algorithm

In order to further alleviate the computational burden, particularly for the
cost function calculations and prediction model computations related to the upper
and lower DC bus voltages, voltage vectors that are significantly different from the
inverter output voltage reference vector will be excluded from the optimization
calculations.

During a single sampling period, the optimization process comprises 27
cycles. In each cycle, it is necessary to compute the online predicted values for both
the inverter-side current and the DC-side midpoint capacitance voltage. These
values are then compared by inserting them into the objective function, resulting in
a considerable amount of online computations. To lessen the online computational
workload, the voltage vectors can be divided into 6 sectors, as depicted in Fig. 7.
By determining the sector in which the reference voltage vector falls, only vectors
within that sector will be selected for calculation, thus reducing the number of
cycles required [34-35].



Sector-based finite-set model predictive control of three-level grid-connected inverters 279

Cl L R eabc
Ude N g Y Y Y[ % A @_:l_
c2 Iabc h eabc L

A4 =
Clark || PLL ot [Reference
Current

Clark

S Uct l Uc2
2| Su|Se v TS
Midpoint Iy IB ol ©p
voltage Voltage
Cost calculation 8
function u
y l o Sector
" YV Vv ¥ Sollesit
Usp(k+1 election
Uap(k+1 -
ap(k+1) Predictive model
U (k+1)
Sector-based Voltage

Vector Set
Fig.7. Sector-based Model Predictive Control Diagram for the Three-level NPC Inverter

g; =M, (k+D) =V, (k+1)|+ NV, (k+1) =V, (k +1)| (15)
+ AU, (k +1)|

From Fig. 3, it is evident that there are redundancies present in the
combinations of switch states. The voltage vector corresponding to the zero vector
has a magnitude of zero. When any of the 3 sets of zero vectors are output, it does
not affect the neutral point voltage. Similarly, the small vectors have the same
impact on the midpoint voltage. However, when 6 small vectors are activated, they
positively affect the midpoint current, while the remaining 6 small vectors have a
negative impact, hence referred to as positive small vectors and negative small
vectors. Moreover, the 6 middle vectors also influence the midpoint current,
whereas the 6 large vectors do not affect it[36].

The space vector diagram is divided into regions by 60°, divided into six
sectors, respectively labeled as I, 11, II1, IV, V, VI to indicate the sector number, and
each sector has an angle of 60°, as shown in Fig. 3.

Upon determining the region of the reference voltage vector, it becomes
possible to select a suitable voltage vector that minimizes computational efforts.
This approach eliminates the need to calculate cost functions using voltage vectors
that are significantly distant from the reference vector, as such vectors are highly
unlikely to yield optimal solutions. Consequently, these distant vectors are
disregarded and excluded from online evaluations. Table 2 presents the complete
set of voltage vectors designated for each sector.

Table 2
Voltage Vector Set by Sector
Sector Voltage Vector Set by Sector

I V1 V4 VS V12 V13 V14 V15 V16 V21 V27

II V1 VlO Vll V12 V13 V14 V15 V20 V21 V26
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11 Vl V8 V9 VlO Vll V12 V13 V19 VZO V25
v Vl V6 V7 V8 V9 VlO Vll V18 V19 V24
\4 Vl V4 V5 VG V7 V8 V9 V17 V18 V23

VI Vl V4 V5 V6 V7 V14 V15 V16 V17 V22

By rationally selecting sectors, the number of iterations has been simplified.
As shown in Fig. 8, it depicts the algorithm flowchart. After determining the sector
based on the reference voltage vector, only the 10 voltage space vectors within this
sector are used for online calculations. The number of algorithm iterations is
reduced from 27 to 10, significantly improving the performance of the control

system.
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Fig.8. Three-level NPC inverter sector-based model predictive current control flowchart.
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5. Simulation Results

To validate the viability of the suggested control strategy, a simulation
model for the sector-based FCS-MPC was developed. The simulation was
conducted using MATLAB/Simulink, with the simulation parameters detailed in
Table 3.

Table 3
Main simulation parameters
Parameters value
DC bus voltage udc 310V
DC side filter capacitors C1, C2  1000uF
Grid line voltage peak e 150V
Grid frequency f S50Hz
Filter inductor L 0.02H
Parasitic resistance R 0.05Q
Sampling frequency £§ 10kHz

5.1 Analysis of Inverter Output Dynamics

In order to investigate the dynamic response performance of the enhanced
FCS-MPC, the reference current amplitude was deliberately varied between 10A
and 15A. The time-domain simulation in Fig. 8 demonstrates that at 0.05 seconds,
the inverter output current swiftly rises from a peak value of 10A to 15A. Similarly,
at 0.1 seconds, the current promptly drops back to 10A. Notably, in both scenarios,
the inverter effectively tracks the desired three-phase current, thereby ensuring
system stability. The simulation unequivocally attests to the rapid dynamic
response exhibited by the improved FCS-MPC methodology.

Fig.9. Inverter Grid Waveform



282 Yuanyi Liu

5.2 Analysis of Inverter Neutral Point VVoltage Balancing Capability

To highlight the midpoint voltage suppression capability of the proposed
method, simulations were conducted for cost function voltage balance part weight
coefficients A=10, 2=0.6, and A=0.

As shown in Fig. 9, when A=10, the simulation results indicate that the
voltages across capacitors C1 and C2 alternate over time, fluctuating within a
controllable range. The composite midpoint voltage is relatively small, as shown in
Fig. 10, minimally impacting the grid system. Hence, it can be inferred that at A=10,
this weight coefficient reflects the influence of midpoint voltage magnitude on the
overall control system.

e L

Fig.10. Voltage waveform of Udcl and Udc2 at A=10

Fig.11. Midpoint voltage waveform at A=10
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As depicted in Fig. 11, when A=0.6, simulation results demonstrate that the
voltages across capacitors C1 and C2 alternate with time, with an increased
amplitude. The resulting midpoint voltage noticeably rises, and as Fig. 12
illustrates, the midpoint voltage fluctuates considerably, amplifying its impact on
the grid system. Therefore, it can be inferred that at A=0.6, under this weight
coefficient, the control system's capability to optimally regulate the midpoint
voltage weakens. In order to achieve optimal system control performance and
effectively suppress midpoint voltage, it is necessary to select appropriate weight
coefficients.
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Fig.12. Voltage waveform of Udcl and Udc2 at A=0.6
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Fig.13. Midpoint voltage waveform at A=0.6
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As seen in Fig. 13, when A=0, the simulation results suggest that the voltages
across capacitors C1 and C2 begin to increase, reaching a peak at 0.2 seconds. The
resulting midpoint voltage is high, considerably affecting the grid system. Thus, it
underscores the significance of integrating a midpoint voltage suppression
algorithm.

LT e p——

Fig.14. Voltage waveform of Udc1 and Udc2 at A=0

Simulations of the midpoint voltage waveform were conducted under
various weight coefficients, yielding diverse results, suggesting the algorithm's
midpoint voltage balancing ability depends on the weight coefficient of the
midpoint voltage function.

5.3 Inverter Grid Current Harmonic Analysis

For the simulation system, when the grid current was 10A, a Fast Fourier
Transform (FFT) analysis was performed, yielding a Total Harmonic Distortion
(THD) of 2.59%. As displayed in Fig. 14, it meets the requirements for grid
connection. A FFT analysis was also executed when the grid current was 15A,
resulting in a THD of 1.98%. This too satisfies grid connection criteria. The
simulation waveforms and FFT analysis results of the midpoint voltage-weighted
optimized FCS-MPC method demonstrate that the control strategy effectively
enhances grid current quality.
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Fig.15. Fundamental current amplitude 10A THD | Fundamental current amplitude 15A THD
6. Conclusion

This work proposes a finite-set model predictive control strategy for a three-
level grid-connected converter under midpoint voltage balance. By integrating the
finite-set switch state model with predictive control, precise control and balancing
of the grid-side midpoint voltage have been realized. Key achievements of this
study include establishing a mathematical model for the three-level grid-connected
converter, introducing a finite-set switch state model to describe system behavior,
and designing a sector-based simplified model predictive control algorithm to
achieve closed-loop control of the output current. The effectiveness and feasibility

of the proposed method were validated through simulation experiments,
accurately controlling voltage and current while suppressing midpoint

voltage imbalance. This research holds significant importance for enhancing the
control performance and output quality of three-level grid-connected converters.
Future research directions could involve optimizing the predictive control
algorithm, considering real-time grid environments and load changes to further
enhance control precision and response speed. Additionally, integrating this
strategy with other advanced control techniques could bolster system robustness
and stability. Implementing and verifying the proposed control strategy on actual
hardware could further affirm its feasibility and practicality. Limitations of this
study lie in further refining and optimizing the control strategy to meet varying
operational conditions and application requirements.
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