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Abstract - In this paper, a new control system is proposed for 

a grid-connected photovoltaic (PV) generation system based on a 

dual three-phase four leg multilevel inverter. This power 

converter topology, built using two four-leg two-level three-phase 

inverters, connects two PV arrays in the DC side to three open-

end-windings of a three-phase transformer on the AC side. This 

arrangement is controlled to inject the PV generated power into 

the low voltage (LV) grid allowing support for unbalanced loads. 

The proposed control system is based in the model predictive 

control (MPC). It allows the control of the injected grid currents 

in balanced/unbalanced conditions while ensuring the balance of 

the capacitor DC voltages. Several simulation tests are made to 

validate the effectiveness of the control strategy applied to the 

proposed PV generation system. 

Keywords— Dual inverter, multilevel inverter, four-leg two-

level inverter, photovoltaic system (PV); model predictive control 

(MPC) 

I. INTRODUCTION

In recent years, there has been significant advancement in 
renewable energy sources, as well as the systems required for 
their proper operation. Most distributed renewable energy 
sources need power electronic converters to interface the 
generation technology to the AC grid [1-3]. In this context, 
photovoltaic (PV) systems are well suited to distributed 
generation in low voltage (LV) grids, where the inverter is a 
critical piece of equipment [4-7]. 

In addition to generating renewable energy, PV systems can 
provide ancillary services to LV electrical distribution grids to 
conserve power quality. Overvoltages/undervoltages, reactive 
power injection, current harmonics and voltage unbalances are 
power quality issues that affect LV networks [7]. Several 
studies [7, 8] proposed using PV generators to provide 
ancillary services in power quality enhancement, an interesting 
solution to mitigate voltage unbalances due to unbalanced 
loads. Indeed, the uneven distribution of single-phase loads, as 
well as non-linear loads generating 3

rd
 order harmonics or 

unpredictable phenomena in grids, will generate currents in the 
neutral wire leading to zero-sequence current components [9]. 

Several power quality issues can be mitigated using the 
capabilities of PV generators, which can also provide ancillary 
services, such as reactive power control and harmonics in LV 
grids [10-12]. Nevertheless, several alternatives to PV 

approaches have been proposed to support the grid in 
mitigating unbalanced load effects on the LV grids [13, 14]. In 
fact, some researchers provided grid-connected PV generators 
with the capability of inject unbalanced currents in the grid [15, 
16]. PV generators typically employ two-level three-phase 
voltage source inverters (VSIs) with a four-leg topology [16, 
17]. However, for power quality applications PV grid-
connection using multilevel VSIs is a strong alternative to the 
use of two-level VSIs. Therefore, several multilevel topologies 
for PV grid connection have been proposed. Among them, 
conventional multilevel topologies like the neutral point 
clamped (NPC), the flying capacitor and the cascaded H-bridge 
converter structure [18–22], have been adopted and extensively 
studied. Despite the fact that multilevel inverters have a 
number of advantages over their two-level equivalents, few 
works have been proposed using multilevel inverters to support 
unbalanced LV networks. One of these more recent works that 
suggested multilevel inverters was published in [23]. This 
proposal, which contains two traditional four-leg VSIs, is based 
on a modular industrial interesting solution. However, [23] is 
focused on the topology and do not thoroughly considered the 
control system. While the majority of the works use traditional 
modulation methods like sinusoidal PWM [22], several non-
linear control methods can be applied to power electronic 
converters, like model predictive control (MPC), which is 
widely, used producing recognized good results [24-28]. 
Indeed, MPC is characterized by fast dynamic response, ease 
of design, and capability to include non-linearity and system 
constraints [29]. 

This paper presents a new control system for a dual inverter 
PV five-level system based on a modular structure, each 
module using a four-leg three-phase two-level inverter. The 
control system is designed with the purpose to also support 
unbalanced grids (LV with neutral connection). In this way, 
when the PV power is enough upstream of this PV generator 
the power flow will be balanced. The model predictive 
controller approach is used in the proposed new controller. The 
predictive controller was designed to take into account the 
various variables that must be controlled in the grid-connected 
dual PV generator to balance the DC side capacitor voltages. 
Several simulation tests in steady and transient states will be 
presented and discussed to confirm the performance and 
characteristics of the implemented control system. 
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Fig. 1. Multilevel topology for grid-connected PV systems based on four-leg inverters and OeW transformer. 

 

II. FOUR-LEG TWO-LEVEL INVERTER TOPOLOGY 

The dual inverter topology is one of the most recent four 
wire multilevel topologies that can be used in grid-connected 
PV generation systems. This multilevel structure is built 
around two four-leg two-level VSIs connected to the three 
open end windings (OeW) of a three-phase transformer. The 
two DC buses are fed from two PV arrays, as shown in Fig. 1. 

Applying the Kirchhoff laws and the state of the switches to 
the dual three-phase four-leg multilevel inverters of the power 
circuit, presented in Fig. 1, the OeW transformer primary AC 
voltages V1, V2, V3 can be obtained. In fact, considering the 
power switches as ideal and represented by a binary variable γji 
(where i = 1:4 represents the inverter leg and j = 1,2 the 
inverter number), the AC voltages V1, V2, V3 are given through 
the difference between the AC voltages of each inverter: 
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(1) 

where VCj corresponds to the DC voltages of each inverter and 
the binary variable, γji, is directly related to the state of switch 
Sji (γji = 1 if the switch is ON, while γji = 0 if it is OFF). 

By applying the Clarke-Concordia transformation to the 
five-level AC voltages in the expression (1), 256 different 
output voltage space vectors can be devised, although only 65 
of them are distinct voltage vectors [21]. 

Analyzing the power circuit given in Fig. 1, the following 
state equations for the DC capacitor voltages can be obtained: 
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 (2) 

where currents iC1 and iC2 are given by (3). Currents iPV1 and 
iPV2 are the independent currents of each PV generator and C1 
and C2 are the DC link capacitances of each inverter. 
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Using a similar analysis, the following state space equations 
for the AC secondary currents in αβ0 coordinates can be 
obtained. 
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where fR  and fL  are the resistance and inductance, 

respectively, of the interface inductor to each phase and neutral 
wires of the LV grid. 

These dynamic model equations (4) of the dual three-phase 
four-leg multilevel converter, will be used in the design of the 
power systems controllers. 

 

III. MODEL PREDICTVE CONTROL METHOD 

The control method applied to the dual three-phase four-leg 
multilevel inverter is based on MPC principles [23, 25, 27], 
according to the scheme shown in Fig. 2. 
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Fig. 2. Model predictive control scheme to control the multilevel inverter. 

The proposed control method uses the power system 
dynamic model (4), developed in the last section, to calculate 
the future behavior of the system. In this control method, the 
actual values of the AC injected grid currents, the capacitors 
voltages are measured in the h instant. Based on these values, 
the AC currents injected into the grid, and the voltages of the 
capacitors can be predicted for the h+1 instant. The selection of 
the optimal voltage vector is made by minimizing a defined 
cost functional, therefore ensuring the minimum value for the 
function of the errors between references and their predicted 
values. The whole process is repeated for each sampling instant 
h, considering the acquired data in the previous sampling 
instant h-1. The time taken by the control algorithm 
calculations is compensated by introducing delay compensation 
techniques. 

Consequently, based on this principle and the control 
scheme presented in Fig. 2, the AC currents injected into the 
grid, in αβo coordinates, ik (k=α, β, o) at the th+1 instant, can be 
predicted according to expression (5): 

 ( 1) 1 ( ) ( ) ( )
f S

k S k k Sk

f f

R T
i h T i h v h V h

L L

 
     

 
 

 (5) 

where ik (h+1) and ik (h) are the predicted value of current for 
sampling interval time instant t(h+1) and the current measured, 
respectively, TS is the sampling time, VSk (h) and vk (h) are 
respectively, the source and the converter voltages. 

The discrete time equation for the capacitors Cj (j = 1, 2) 
voltages, using MPC strategy, is obtained in (6): 

1
( 1) ( ) ( )Cj Cj Cj S

j

v h v h i h T
C

    (6) 

where the current ( )Cji h  depend on the switching states of the 

dual three-phase four-leg multilevel converter and the value of 
the currents, in accordance to (7) and (8): 

1 1 11 1 12 2 13 3 14 4( ) ( )C PVi h i h S i S i S i S i      (7) 

2 2 21 1 22 2 23 3 24 4( ) ( )C PVi h i h S i S i S i S i      (8) 

With the aim to compensate for the computational time 
spent on the evaluation control algorithm, delay compensation 
techniques have been established. The compensation method 
consists of using for the predictive control method the future 
current at t(h+2) instant, in (9). 

 ( 2) 1 ( 1) ( 1) ( 1)
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f f
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 
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 (9) 

Applying the same reasoning, for the delay compensation 
of the DC capacitors voltage, by time-shifting the model (6) 
one step forward as follows: 

1
( 2) ( 1) ( 1)Cj Cj Cj S

j

v h v h i h T
C

      (10) 

The MPC cost function is comprised of two weighted cost 
terms, for injected grid currents and for the capacitors voltage 
imbalance. For the currents, the cost function is given by: 
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where      * * *2 , 2 , 2oi h i h i h     are respectively, the α, 

β and zero parts, of the injected grid currents references and 

     2 , 2 , 2oi h i h i h    are respectively, the α, β and 

zero parts, of the injected grid currents predicted. , ,i i io     

are the weighting factors, for real, imaginary and homopolar 
parts of the current. 

The DC capacitor voltages must remain tightly regulated to 
minimize unbalances on the grid AC voltages, as the 
transformer primary voltages are related to the DC voltages. 
Therefore, the cost function of the DC capacitors voltages 
imbalance is defined as: 

   1 22 2vdc C C vdcg v h v h      (12) 

where    1 22 , 2C Cv h v h   are the predicted voltages of the 

C1 and C2 capacitors, and vdc  the respective weighting factor. 

Finally, the proposed cost function of the model power 
system will be given by adding the previous cost functionals. 

i vdcg g g   (13) 

In the next section, the predictive control strategy will be 
implemented for Simulation in the MATLAB Software, 
containing the previous expressions. 
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IV. SIMULATION RESULTS 

To verify the performance of the proposed topology, for 
grid-connected PV systems, with the proposed control system, 
several simulations results were made. These simulation results 
were performed using MATLAB/Simulink and 
SimPowerSystems library. The system is connecting to a grid 
with 230/400 Vrms 50 Hz, through transformers with a turns-
ratio of 1:1. All the other parameters used in numerical tests are 
presented in the Table I. 

TABLE I. PARAMETERS OF THE SYSTEM 

Input DC voltage 480 V 

Capacitors C1 and C2  5 mF 

Resistor per phase (Rf) 5 Ω 

Inductor per phase (Lf) 5 mH 

 

The simulation conditions employed to investigate the 
MPC, applied to the grid-connected photovoltaic generation 
system proposed, allow to test balanced and unbalanced 
currents. The references are generated in accordance with [11]. 
Several tests were made under different system requirements. 
Fig. 3 presents the voltage waveform applied to the primary 
winding of the transformer, in the phase 1. This result 
illustrates the five voltage levels, where the maximum value is 
twice the DC voltage of each converter. 

 

Fig. 3. Waveform of the voltage V1 applied to the primary winding of the 

transformer. 

 

Fig. 4. Waveform of the grid voltage and AC current of phase 1 in steady-

state condition. 

The results presented in Fig. 4 exhibit the current and the 
grid voltage at the same phase, for balanced currents. These 
results show that the current is in phase with the voltage, 
guaranteeing a near unity power factor. 

In order to verify the behavior of the power system in 
dynamic conditions, a test in which the currents are initially 
balanced and suddenly change to unbalanced. The transient 
test, considering that the system is initially balanced and 
suddenly undergoes to unbalanced operation was performed. 
Fig 5 shows the result of this test, where it is possible confirm 
that up to the instant 0.15s the three-phase currents are 
balanced (neutral current is zero), and after this instant the 
currents immediately change to unbalanced. This result 
confirms the fast response of the proposed control method. 

Based on the previous transient conditions, in Fig. 6 it is 
also possible to verify that the current and the grid voltage in 
the transformer primary are in phase, even for a transient 
regime. Fig. 7 shows the DC voltage at the terminals of 
capacitors, C1 and C2, for the same transient state, where it is 
seen that the DC capacitors voltages are close to the same value 
and stable even after the change of the balanced to unbalanced 
operation. 

 

 

Fig. 5. Simulation results of the injected currents into the grid under transient 

conditions (balanced to unbalanced). 

 

 

Fig. 6. Waveform of the grid voltage and AC current of phase 1 in transient 

conditions (balanced to unbalanced). 
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Fig. 7. Simulation results of capacitors C1 and C2 voltage, under transient 

conditions (balanced to unbalanced). 

Next figures include detailed simulation results, showing 
another test for different dynamic conditions. To show the 
dynamic behaviour of the proposed MPC controller of the dual 
three-phase four-leg multilevel inverter. In this transient test 
the system is unbalanced and suddenly the power provided by 
the PV panels decreases. Fig 8 shows the AC currents injected 
in the grid at unbalanced conditions and in which at instant 
t=0.3s the power generated by the PV panels decreases 
suddenly. This result illustrates that the injected AC currents 
into the grid follow the respective power variation, presenting 
low distortion. 

 

Fig. 8. Simulation results of the injected currents into the grid under transient 

conditions when the generated power decreases at t=0.3s (unbalanced to 

unbalanced). 

 

Fig. 9. Waveform of the grid voltage and AC current of phase 1 under 

transient conditions when the generated power decreases at t=0.3s 

(unbalanced to unbalanced). 

 

Fig. 10. Simulation results of capacitors C1 and C2 voltage, under transient 
conditions when the generated power decreases at t=0.3s (unbalanced to 

unbalanced). 

 

Fig. 11. Simulation results of the injected currents into the grid under transient 

conditions when the generated power decreases at t=0.1s and then at 

t=0.15s the system suddenly change from balanced to unbalanced. 

From the analysis of the Fig. 9, it is concluded that the 
current is in phase with grid voltage in the primary winding 
maintaining the same phase in transient conditions, even when 
there is a decrease in generated power. Fig. 10 shows the 
capacitors voltages, being possible to see that they remain 
stable and close to the reference values. Fig 11 shows the AC 
currents injected in the grid when the system is balanced and 
suddenly the power generated decrease at instant t=0.1s and 
then at instant t=0.15s started to support the grid in an 
unbalanced way. These results confirm the fast response of the 
proposed control method. 

Simulation results of the MPC scheme for the grid-
connected PV systems, has shown that the response of the 
controllers is in accordance with the proposed approach. 

 

V. CONCLUSIONS 

This paper has presented the predictive control applied to a 
modular structure with two classical three-phase four-leg two-
level inverters coupled to OeW transformer to obtain a five-
level converter. The proposed controller not only allowed to 
control the inject currents into the grid, with 
balanced/unbalanced loads, but also ensures the balance and 
regulation of the capacitors DC voltage. In this predictive 
controller, a cost function of the errors between the reference 
and the predicted control variables was evaluated, resulting in 
the weighted addition of two partial cost functions. Simulation 

12th IEEE International Conference on Renewable Energy Research and Applications August 29-September 1, 2023, Oshawa CANADA

ICRERA 2023 91Authorized licensed use limited to: b-on: Instituto Politecnico de Lisboa. Downloaded on September 23,2026 at 15:12:21 UTC from IEEE Xplore.  Restrictions apply. 



results show that using the proposed control system, the 
balancing of the capacitors voltage was achieved and the 
injected grid currents, either in balanced/unbalanced situation, 
were controlled, showing a fast and robust dynamic response. 
The obtained results, in steady-state and in transient conditions, 
confirm the expected performance of the control method used 
in the dual three-phase four-leg multilevel inverter topology. 
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