
Abstract— The Finite set model predictive control method 
(FCS-MPC) is a well-known controller. FCS-MPC is a multi-
objective control method with a fast transient response which 
can be utilized widely in various applications. However, this 
control method suffers from high computational burden besides 
its numerous benefits. Also, tuning weighting factors are 
required to deal with different control objectives which, is 
another drawback of this controller. This paper proposes a 
targeted search procedure to suppress high computational 
burden and eliminate weighting factors in the FCS-MPC. A 
nine-level converter that connects photovoltaic modules to the 
gird is considered as an example to explain the proposed 
procedure. In this regard, the conventional FCS-MPC method 
divided into three steps which, each step targets one control 
objective with much lower execution time. Hence, along with the 
significant computational burden reduction, the weighting 
factors are eliminated too. The simulations are carried out in 
MATLAB-Simulink environment and results compared with 
the conventional method in the steady-state and transient 
conditions to illustrate the performance of the proposed method. 

Keywords— FCS-MPC, High-level converter, computational 
time reduction, weighting factor elimination 

I. INTRODUCTION 

Multilevel inverters aim to suppress the two-level inverter 
limitation. Compared to the two-level inverter, multilevel 
inverters offer several improvements, such as high voltage 
ability, high power quality, low switching losses, low dv/dt, 
low current and voltage harmonics, smaller filter, capability 
of distributing voltage stress among devices, etc. [1]. Four 
topologies of flying capacitor (FC), neutral point clamped 
(NPC), cascaded H-bridge (CHB) and modular multilevel 
converter (MMC) are the most known MIs [1-3]. In NPC 
inverter as voltage level increases the number of clamping 
diodes increases significantly. At high number of voltage 
levels, the revers recovery times of diodes encounter the 
appliance of this topology with obstacles [4]. The major 
disadvantage of FC is high number of capacitors and, as for 
NPC, it is not suitable for high number of voltage levels [4]. 
MMC topology can eliminate the FC and NPC shortcomings. 
MMC, the same as FC and NPC, needs a common dc link. 
However, in some applications that provide individual DC 
voltages, such as photovoltaic (PV) farms, another topology is 
more attractive. For example, to achieve high voltage dc link 
in a PV farm, large number of PV modules can be connected 
in series that will affect the maximum power point tracking 
(MPPT) operation of PV modules. Moreover, series 
connected PV modules will increase losses, because of their 
series connected resistors. To overcome the mentioned 
drawbacks, DC voltage regulators, such as boost converter, 
can use in each PV module, as [5]. However, it will increase 

the total cost and semiconductor losses. Another topology that 
can be used in high voltage and high-level application is CHB 
inverter. CHB can also eliminate the large number of series 
connected PV modules and DC voltage regulator. Cascaded 
inverter can provide one converter per PV panel [6]. 

In order to control the MI topologies, pulse width 
modulation (PWM) and space vector modulation (SVM) are 
the most known methods [7]. Due to advances in 
microprocessor technologies with high computational power, 
using more complex control methods seem to become 
practically feasible, such as fuzzy and predictive control. 
Finite-control-set model predictive control (FCS-MPC) is 
another control method, which is more recently appeared as 
an attractive and powerful control method [8,9]. FCS-MPC is 
a multi-objective control method which is satisfactory when 
dealing with numerous control parameters is needed, e.g., 
current tracking, capacitor voltage balancing, switching 
frequency and losses reduction [10-12]. The high 
computational burden is the main drawback of FCS-MPC 
which, affects the overall performance of the controller. The 
computational burden increases as the complexity of the 
converter or the number of control objectives increases.  

This matter has taken into account for different 
applications in some literature [13-15]. Paper [13] divides 
computational burden of FCS-MPC between a group of 
microcontrollers to decrease the calculation time. However, 
this method has no effect on computational burden and just 
decreases computational time. Papers [13,14] narrow the 
searched states by considering different situations and 
sectioning the state space vector area.  [16] used the simple 
Euler forward method to reduce the computational effort and 
[17] proposed two-stage model predictive control method for 
a 3-level NPC. At first step in [17], the largest voltage vectors 
have been considered and at the second step only the nearest 
small and medium voltage vectors to the optimal large vector 
have been investigated. In order to decrease the number of 
predicted states of FCS-MPC, preselection algorithm has 
proposed for MMC in [18] and, [19] has used graph algorithm 
method for CHB. However, the proposed algorithm in [18] is 
complicated and, reference [19] did not consider the voltage 
balancing and just observed the output current in the cost 
function. 

In this paper, a three-phase structure of nine-level CHB-
NPC is used to connect the individual DC voltages to the 
three-phase grid where, PV modules are considered as 
individual DC voltages. Single-phase model of this topology, 
which is proposed in [8], has 81 switching states and it will 
increase to 813 in three-phase structure. This paper aims to 
reduce the computational burden magnificently regarding 
FCS-MPC control of this topology, while achieving MPPT 
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operation in PV modules and capacitor voltage balancing at 
the DC side and attain smooth and low harmonic current at the 
AC side. In this regard, the utilized inverter topology 
introduced at II. In section III, FCS-MPC and the used cost 
function is presented. The proposed method to decrease the 
computational burden has been discussed in the further section 
(IV). After all, simulation results and conclusion is presented 
in sections V and VI respectively. 

II. GENERAL DESCRIPTION 

A. Plant Model 

To connect the individual DC-Links to the grid a three-
phase CHB-NPC multilevel inverter is considered. Single-
phase model of this inverter is proposed in [8]. The individual 
DC-Links are produced by PV modules in this paper. Block 
diagram of the utilized inverter is shown in Fig.1. As it can be 
seen in this figure, each phase consists of two H-bridges that 
are connected in series and feeding by two PV modules. HB 
cells are constructed by two parallel 3-level NPC, which can 
generate five voltage level at the output. Switching command 
of each 3-level NPC, xmn and ymn, is [-1, 0, 1]. Where n and m 
determine the cell number and its phase respectively while, x 
and y specify the 3-level NPCs of each HB.  The output 
voltage levels of HBs are including ሾ-1,-0.5,0,0.5,1ሿൈVm.n

dc  
and it can be expressed as follow: 
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As it can be realized, each H-bridge cell has nine possible 
switching combination. Therefore, each phase has 9N possible 
switching combination, where N is the number of H-bridge 
cells in each phase and it has two in this paper. Hence, total 
switching combination of the inverter is 93N. Each phase of the 
inverter can produce nine voltage level at the output that is 
summation of cell voltages. CHB-NPC is connected through 
an inductor and its resistor to the grid lines, hence 
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𝑉.
௩  and 𝑉.

௩  indicate the output voltage of inverter 
respect to the grid ground (g) and inverter neutral point (O) 
respectively. im is the line current of phase m, where m is “a”, 

“b” or “c”. L and R are the inductance of inductor and its 
resistance that connect the inverter phases to the grid lines. Vo.g 
is called as common-mode voltage and it is defined as  
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By using Clarke transformation, the plant model can be 
expressed by vector equation 
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Therefore, equation (2) can be rewritten as follows 
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B. Reference Obtaining Procedure 

As it mentioned before, PV modules are used to produce 
individual DC-Links. Therefore, obtaining the maximum 
available power and increasing the efficiency of PV modules 
are important issues to be considered. Among many control 
methods, perturb and observe (P&O) technique is a well-
known and relatively effective one [20]. In this paper, an 
improved P&O method, which is proposed by [20], is used to 
control PV modules and obtain their voltage references. 
Respect to the conventional P&O, this method will enhance 
the controller response to atmospheric condition changes. 
Flowchart of the employed method is presented in Fig.2. 

In order to transfer the harvested power from PV modules 
to the grid side, AC current reference should be generated. 
Both power flows, the harvested from PVs and injected to the 
grid, will affect DC-link voltage of HB modules. In this 
regard, the references of the injected currents to the grid can 
be obtained by observing DC-link capacitor voltages. The 
utilized method to generate current reference is presented in 
Fig.3, which is a PI based control method. This method 
guarantees the power balancing between PVs and the grid 
moreover it prevents capacitors from being discharged or 
overcharged. 

To minimize the imbalances between the achievable 
powers in different phases, two areas are considered for PV 
arrays. PV arrays in the same vicinity have the closet radiation 
and temperature. However, to prevent imbalance current 
injection to the grid lines, if any mismatch happens between 

 
Fig. 1. Black diagram of PV-modules and grid tied three-phase 9-level CHB-NPC 



phases, minimum obtained current reference should be 
applied to the output. 

 
Fig. 2 Voltage reference obtaining of PV arrays using improved P&O 

procedure 

 
Fig. 3. PI based current reference generator 

III. FCS-MPC 

In the CHB converter, it is necessary to control the 
derived power from each module. In this paper, this matter can 
be handled by regulating the DC voltage of PV modules. In 
this regard, DC-link voltage regulation and output current 
tracking are the major tasks to be considered in the controller 
and its cost function. Besides the DC-Link voltages, capacitor 
voltages in each three-level NPC have to be balanced. In the 
conventional predictive control method, one cost-function is 
defined for each control objective and, the total cost function 
is a summation of individual cost functions with different 
weighting factors. Related cost function (CF) for each task can 
be defined as follow: 
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In the above equations, 𝐶𝐹ೞ  is the cost-function of 
injected current to the grid and, to obtain the MPPT operation, 
DC-Link voltages of PV modules are regulated via 𝐶𝐹௩ೡ,. 

𝐶𝐹௩,. checks the capacitor voltage balancing for HB 
modules, where (k+1) indicates the future value of the control 
parameters. 

The discrete model of equation (6) has been written as 
equation (10) and the prediction of currents can be estimated 
as equations (11) and (12). 
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Where, ∆𝑡 is the sampling time (Ts) and k refers to the 
present value of the parameters. 
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Three tasks should be considered to control the capacitor 
voltages, PV current, phase current and, switching state of 
each module. Due to the relation between capacitor voltage 
and its current, 𝑐 ௗ௩

ௗ௧
ൌ 𝑖, module voltage variations can be 

calculated respect to the PV array current and phase current of 
the inverter. These currents are assumed to be constant in each 
control cycle. PV current always flows in to the two series 
capacitors of the HB modules and, phase current will affect 
the DC-link voltages respect to the voltage level of HB 
module. As previously mentioned, HB module voltage level 
can be defined as a function of its 3-level NPC commands. 
Prediction of DC-link voltages can be estimated as follow: 
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The PV current would not affect the capacitor voltage 
balancing, since it is equally flowed in to both capacitors of 
DC-link. Hence, it can be said that the neutral point voltage in 
each HB module is varied just by phase current. However, 
phase current would not change the neutral point voltage if the 
voltage level of the HB module is zero or ±2. The future value 
of neutral point voltage can be calculated as follow: 
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The total cost function can be determined as follow: 

𝐶𝐹௧௧ ൌ 𝐶𝐹ೞ  𝜆ଵ𝐶𝐹௩ೡ,.  𝜆ଶ𝐶𝐹௩,. (15) 

Where λ is the weighting factor. 

In the conventional FCS-MPC, the cost function will be 
investigated for all switching states to find the optimal 
solution. As can be considered, with increasing the number of 
states, the calculation burden of the FCS-MPC will increase. 
This drawback will affect the overall performance of the 
controller. Besides high computation burden, tuning the 
weighting factors is another obstacle which should be taken 
into account. These weighting factors indicate the importance 
of each term in the cost function and control the variation of 
each control parameter respect to the other ones. 

The reduction of the computational burden in the 
proposed method is discussed in the following section. As 



latterly can be considered, weighting factors are eliminated in 
the proposed method. 

IV. PROPOSED METHOD 

The utilized inverter in this paper has 81 switching states 
per phase and 813 states in total. Searching these large number 
of states to find the optimal result in an adequate time seems 
to be impossible. As execution time of the control cycle 
increases, the capability of the controller degrades. In this 
regard, minimization of the execution time will enhance the 
controller operation. In order to address this problem, the 
proposed strategy divides the control procedure to three 
stages. First stage will be dealt with the output current of the 
inverter and, the second and third stages will be regulated DC-
links voltages and balanced the capacitors voltages 
respectively. 

A. First stage: output current and voltage 

Due to the equations (11) and (12), the output voltage of 
the converter is the main parameter that affect the injected 
current to the grid. Equations (13) and (14) reveal that the 
output voltage of the converter has no effect on the DC voltage 
regulation or capacitor voltage balancing. In this regard, the 
output current and voltage vector are the first control objective 
and control parameter to be taken into account. 

If we assume the same voltage in DC-links, each phase of 
the inverter has 9 voltage level. The combination of different 
phase voltage levels and using Clarke transformation clarifies 
that the inverter has 93 or 729 voltage vectors at its output. 
Investigation of the obtained vectors shows; there are only 217 
individual voltage vectors from the total number of voltage 
vectors, 216 active voltage vectors (none zero vectors) and 
one zero voltage (Fig.4). As a result, only checking the 
individual voltage vectors will be enough for controlling the 
output current of the inverter, and hence the number of 
searched voltage vectors in each control cycle will be 
decreased. To reduce the number of searched voltage vectors 
a limited area around the last optimal point (the last optimal 
voltage vector) has been considered. In this paper, only six 
nearest voltage vectors to the optimal voltage vector in the last 
control cycle are considered (as shown in Fig.4). In this way, 
in each control cycle only seven voltage vectors out of 729 
voltage vectors are investigated to control the output current, 
one central and 6 nearest voltage vectors. At last, the voltage 
vector that minimize the cost function of equation (7) will be 
selected. The nearest voltage vectors to each point can be 
detected either online or by a lookup table (the second 
approach is more suitable). In addition to fewer number of 
searched states, the voltage regulation equations are not 
attended in this stage and, the current equations has been 
eliminated in the other stages, which eventuate to reduction of 
execution time even more. Two more stages are discussed in 
the following parts to control the PV voltages and to balance 
the capacitors voltages.  

B. Redundancy selection 

As mentioned above, each possible voltage vector has a 
number of redundancies. Considering Fig.4, eight hexagons 
can be observed in the space vector. Assume another hexagon 
at zero voltage, these hexagons can be numbered from the zero 
for the inner hexagon to the 8 for the outer one (Z=[0,1,…,8]). 
The voltage vectors in each hexagon have 9-Z redundancies. 
In other words, there are 9-Z different voltage levels in phases 
that will produce the same voltage vector in the output. 
Redundancies of each voltage vector can be identified respect 
to the voltage levels in three phases. For further explanation, 
phase voltage levels of ൣla,1,lb,1,lc,1൧ and ൣla,2,lb,2,lc,2൧ generate 
the voltage vectors at the output if ൣla,1-lb,1,lb,1-lc,1൧ൌൣla,2-
lb,2,lb,2-lc,2൧ ,where lm is the phase voltage level of phase m. 
e.g. [-4,2,3] and [-3,3,4]. Beside vector redundancies, voltage 
level of each phase has its own redundant states, which are 
different combination of HB modules (As shown in Table I). 
As it can be considered in equation (13), HB module’s voltage 
level affects its DC-Link voltage. In this regard, the DC-link 
voltages has to be controlled by selecting the appropriate 
phase voltage levels which leads to previously chosen voltage 
vector. As it can be realized, the suitable voltage vector 
redundancy and voltage level combination of the HB modules 
for each phase are selected in this stage to regulate the DC-
link voltages. Combination of voltage vector redundancies 
and different voltage level of HB modules may lead to a large 
number of states and impose high computational burden to the 
controller. In order to prevent nested loops in control cycle and 
achieve a more targeted search algorithm, two stages are 
considered to select the voltage vector redundancy and voltage 
level of each HB module. In the second stage, to find the 
appropriate redundancy of the previously chosen voltage 
vector among its redundancies, the effect of different states on 
the summation of DC-links voltage are taken into account. 
Hence, cost function in equation (16) is defined. In this way, 
optimal voltage level of the phases that produce the desired 
voltage vector is selected. In the worst case, where zero 

 
Fig.4. Voltage vectors of the 3-phase 9-level CHB-NPC 

Table I. Voltage level of each HB respect to phase voltage level 

Phase voltage level [HB1,HB2] [HB1,HB2] [HB1,HB2] [HB1,HB2] [HB1,HB2] 

0 [0, 0] [-1, +1] [+1, -1] [-2, +2] [+2, -2] 

±1 [±1, 0] [0, ±1] [±2, ∓1] [∓1, ±2] --- 

±2 [±1, ±1] [±2, 0] [0, ±2] --- --- 

±3 [±1, ±2] [ ±2, ±1] --- --- --- 

±4 [±2, ±2] --- --- --- --- 



voltage is intended, cost function in equation (16) will be 
checked for nine possible states. However, at nominal 
operation, when voltage vector is expected to be between 
hexagons 6 to 8, the number of investigated states will be less 
than three. 
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Where lm is the voltage level of the three phases. 

At the third stage, different combinations of HB modules 
are investigated to produce the desired voltage levels in each 
phase which are chosen in second stage. When zero voltage 
level is needed, maximum number of states will be occurred 
(five states). Since there is 120◦ phase difference between 
voltages angles, total number of search states for three phases 
are expected to be less than ten times. The following cost 
function is used to find the optimal combination of HB 
modules.  
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Where 𝑙.
ு  is the voltage level of HB modules presented in 

Table I. The proposed cost function in equation (17) is 
individually investigated for different phases and optimal 
combination for the required voltage level will be selected. As 
mentioned above, equation (17) is expected to be checked less 
than 10 times. 

In this way for each step only a few number of states are 
investigated. Furthermore, the proposed procedure eliminates 
the weighting factors selection. 

V. SIMULATIONS AND RESULTS 

In order to validate the effectiveness of the proposed 
control procedure, simulations are carried out in MATLAB-
Simulink environment. The proposed method compared with 
the conventional one in steady state and transient conditions. 
System characteristics of the utilized systems are summarized 
in Table II. Although the proposed method has a much lower 
execution time but the same sampling frequency of 5KHz is 
considered for both conventional and the proposed methods. 

Table II: System parameters 

Grid line 
parameters 

value 
Inverter & PV 

parameters 
value 

Line inductor, L 2.5 mH DC-link capacitors, C 3.3 mF 
Line resistor, R 0.08 Ω PV open-circuit voltage, Voc 43.9 V 

Grid frequency, fs 50 Hz PV short-circuit current, Isc 5.3 A 
Phase voltage, Vs 220 V nom. MPPT Voltage, VN 36.2V 
Phase current, Is 60 A nom. MPPT Current, IN 4.85 A 

A. Steady state condition  

The radiation and temperature of PV arrays in the 
nominal condition is 1000 𝑊/𝑚ଶ  and 25°𝐶  respectively. 
Results of different control methods are presented in Fig.5 to 
Fig.6. Steady state voltage of DC-links in MPPT operation is 
217v and maximum achievable power from each array is about 
4200 watts.  Fig.5.b and Fig.6.b show the DC-links voltages 
in phase A. As can be seen, the proposed and the conventional 
methods track the maximum power point of PV arrays and 
present the 217v in DC-Links terminal. Additionally, the peak 
to peak voltage ripple for the conventional and the proposed 
methods are 16.4 and 16 volts respectively. Therefore, 
conventional method with searching all states and the 
proposed targeted control procedure achieve the same voltage 
ripple in the capacitors which is about 3.75%. The RMS of 
output current is about 56.5A for all cases while THD of the 
conventional and proposed methods are 1.6% and 1.65% 

 
(a) 

 
(a) 

 
(b) 

 
(b) 

 
(c) 

 
(c) 

Fig.5. The conventional method results, a) injected AC current to the gird, 
b) DC link voltage in stady state and controller response to radation change, 

c) controller respose to the tempreature change. 

Fig.6. The proposed method results, a) injected AC current to the gird, b) 
DC link voltage in stady state and controller response to radation change, 

c) controller respose to the tempreature change. 



respectively. The achieved results reveal the performance of 
the proposed method in the steady state condition. 

B. Transient condition 

Two different changes are applied for transient condition. 
At first, in 0.7s, radiation of the second area is decreased from 
1000 to 300𝑊/𝑚ଶ and, secondly its temperature is decreased 
by 10°𝐶 at 1.4s. In the first transient condition the voltage of 
PV arrays in area.2 should decrease to 213.5v and area.1 
should not change. Fig.5.b and Fig.6.b show the operation of 
both control methods which is achieved the desired voltages 
in PV arrays. DC-link voltage ripple in the area.1 is the same 
as previous and it is about 3.7% however DC-link voltage 
ripple in the area.2 for the conventional method is 2.2% while, 
for the proposed methods it is a little bit lower than that and is 
about 2%. The RMS of output current is 36.8A and its THD 
for the conventional method is 1.85% and for the proposed 
method it is 1.9%. After reduction of temperature in area.2, 
voltages of PV arrays should increase and, as it presented in 
Fig.5.c and Fig.6.c, the proposed method tracks the MPP of 
PV arrays and inject the desired current to the grid lines. 

As can be considered, the proposed targeted method 
attains the same control performance with much lower 
computation effort. It is noteworthy that the lower 
computation burden leads to a higher sampling frequency. 
This improvement will enhance the controller's performance 
in practice. 

VI. CONCLUSION 

This paper aims to improve the overall performance of the 
finite set control model predictive control method. Therefore, 
the two main obstacles of this control method are taken into 
account. At first, high computational burden reduction 
considered and weighting factors are eliminated along with it. 
The lower execution time leads to higher sampling frequency 
that is an essential issue in FCS-MPC performance. Hence, the 
targeted proposed search method divides the conventional 
procedure into three steps. Each step deals with one control 
objective also, much lower calculations executed to fulfill 
each step.  The proposed method explained for a grid-tied 
nine-level converter in which its DC-links are fed from PV 
modules. In the end, MATLAB-Simulink simulation results 
compared with the conventional method that illustrates the 
performance of the proposed method. 
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