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Introduction

Large-scale photovoltaic plants (LSPPs) are being a viable solution to handle the growth of green energy sources integration as they provide an interesting mid-term return of investment (" IEA PVPS report, 2018";[START_REF] Tang | Large-scale photovoltaic system on green ship and its MPPT controlling[END_REF][START_REF] Tobar | Large scale photovoltaic power plants: configuration, integration and control[END_REF]. This is essentially due to the decrease of the manufacturing cost of PV modules as reported by the International Energy Agency (IEA).

Actually, PV modules prices have fallen by nearly 70% and are expected to continue to decline for future large-scale PV systems (" IEA report," 2018.). LSPPs are capable to generate power in range of megawatts such that installed in Australia in 2018 which is the largest one in the country with the capacity of 220 MW (" M. [START_REF] Maisch | Bungala Solar Farm goes fully online as Australia's biggest solar project to date[END_REF]. As the produced energy by these PV plants is intended to be injected in the main grid, some challenges will arise due to the necessity of feeding it in a smooth and efficient way. Besides, due to the power rating limitations of the existing power inverters and economic issues, it is difficult to deliver this power to the main grid with a single central inverter. For such systems, in which efficiency and power quality should comply with international standards [START_REF] Ouai | Control and energy management of a large scale gridconnected PV system for power quality improvement[END_REF][START_REF] Wu | Standards and Guidelines for Grid-Connected Photovoltaic Generation Systems: A Review and Comparison[END_REF][START_REF] Xu | A novel adaptive command-filtered backstepping sliding mode control for PV grid-connected system with energy storage[END_REF], paralleling inverters seem to be a promising solution. This topology, based on paralleled threephase inverters, allows energy availability of the system even in case of partial failure. Furthermore, they ensure the improvement of efficiency since components are less stressed (Bella et al., 2018a(Bella et al., , 2018b;;[START_REF] Zhang | Circulating Current Suppression of Parallel Photovoltaic Grid-Connected Converters[END_REF]. However, when parallel inverters are connected in the same DC and AC buses, undesired current known as zero-sequence circulating current (ZSCC) appears through inverters. Basically, the main reason of emerging such a problem is the disparities between the parameters of inverters, tolerance of hardware devices, unequal filters, dead-time, and asynchronous switching frequencies [START_REF] Wang | Investigation of Zero Sequence Circulating Current Suppression for Parallel Three-Phase Grid-Connected Converters Without Communication[END_REF][START_REF] Wei | A Circulating-Current Suppression Method for Parallel-Connected Voltage-Source Inverters With Common DC and AC Buses[END_REF]. The existence of this current might lead to the distortion of the line-currents of each inverter, increases power losses, and decreases the efficiency of the whole system.

Various methods have been reported to solve this issue. For instance, some industrials suggest to install multi-port isolating transformers in the AC side of the central inverter [START_REF] Ji | Operation analysis and new current control of parallel connected dual converter system without interphase reactors[END_REF][START_REF] Ji | Operation analysis and new current control of parallel connected dual converter system without interphase reactors[END_REF], such that PVS800 solar inverter (" ABB, PVS800"), and SGI 500/750XTM solar inverter ("SGI 500/750XTM "). This method can definitely stop the ZSCC from flowing through inverters. However, it is expensive, bulky, and transformers suffer from losses; which make this solution usually limited to two paralleled inverters. In [START_REF] Xueguang | Bandwidth Expansion Method for Circulating Current Control in Parallel Three-phase PWM Converter Connection System[END_REF][START_REF] Ye | Control of circulating current in two parallel threephase boost rectifiers[END_REF], a PI controller has been introduced to modify the distribution of zero vectors at each switching period of space vector modulation (PWM). However, the PI controller is sensitive to the change of parameters which leads to poor performance. Other research has investigated that the emerging of circulating currents (CCs) is due to the asynchronized PWM and the interaction between inverters. Therefore, in order to eliminate (CCs) two parallel two-level inverters are controlled as one three-level inverter [START_REF] Ogasawara | A novel control scheme of a parallel current-controlled PWM inverter[END_REF][START_REF] Quan | A Three-Level Space Vector Modulation Scheme for Paralleled Converters to Reduce Circulating Current and Common-Mode Voltage[END_REF]. This method is capable to eliminate ZSCC. But, if more than two inverters are connected in parallel the control becomes too complicated. Further, it does bring unwanted currents called cross currents. To deal with this last issue, a control method was proposed for minimizing cross currents by introducing a control variable to adjust the duration time of the switching vectors [START_REF] Zorig | Novel Differential Current Control Strategy Based on a Modified Three-Level SVPWM for Two Parallel-Connected Inverters[END_REF]. However, it is still complicated, and difficult to implement in more than two parallel inverters.

Several studies have shown that the ZSCC is closely related to the difference of common mode voltage (CMV) between VSIs. Therefore, the suppression of circulating current is achieved by injecting the same CMV in each inverter of the parallel system or by synchronizing their PWM carriers [START_REF] Chen | Dual-Modulator Compensation Technique for Parallel Inverters Using Space-Vector Modulation[END_REF][START_REF] Jiang | Suppression of Zero Sequence Circulating Current for Parallel Three-Phase Grid-Connected Converters Using Hybrid Modulation Strategy[END_REF][START_REF] Prasad | Common-Mode Injection PWM for Parallel Converters[END_REF]. However, even they will have the same CMV, ZSCC will still possible circulate if the fundamental component of CMV of inverters are different.

Today, the power electronic application community has begun adopting the concept of MPC from control system theory [START_REF] Lim | A Comparative Study of Synchronous Current Control Schemes Based on FCS-MPC and PI-PWM for a Two-Motor Three-Phase Drive[END_REF]. Indeed, predictive control is largely used to control power electronics based applications [START_REF] Chai | Model predictive control of a permanent magnet synchronous motor with experimental validation[END_REF][START_REF] Lim | A Comparative Study of Synchronous Current Control Schemes Based on FCS-MPC and PI-PWM for a Two-Motor Three-Phase Drive[END_REF][START_REF] Yaramasu | Model Predictive Current Control of Two-Level Four-Leg Inverters-Part I: Concept, Algorithm, and Simulation Analysis[END_REF]. This is due to its proprieties that make it suitable for the control of power inverters: simple concept, possibility of including nonlinearities, it considers multivariable approach, and the implementation is easy with the development of processors. Many algorithms are applied in power electronics, amongst them model predictive control (MPC) was proposed for electric drives-based application, where it is applied to control PMSM [START_REF] Chai | Model predictive control of a permanent magnet synchronous motor with experimental validation[END_REF]. Another variety of MPC called finite set control model predictive (FSC-MPC) is applied to control gridconnected converters [START_REF] Yaramasu | Model Predictive Current Control of Two-Level Four-Leg Inverters-Part I: Concept, Algorithm, and Simulation Analysis[END_REF][START_REF] Xing | Model predictive control for parallel three-level T-type gridconnected inverters in renewable power generations[END_REF][START_REF] Wang | Model Predictive Control System Design and Implementation Using MATLAB®[END_REF][START_REF] Kazmierkowski | Predictive Control of Power Converters and Electrical Drives [Book News[END_REF]. For instance, a Lyapunov function based FSC-MPC was proposed to control PV gridconnected inverter [START_REF] Boukezata | Predictive current control in multifunctional grid connected inverter interfaced by PV system[END_REF][START_REF] Golzari | A Lyapunov function based model predictive control for three phase grid connected photovoltaic converters[END_REF]. However, greater is the number of switches used, greater is the computational burden. Also, the switching frequency is variable which might produce a large distributed current spectrum, causing resonances, audible noise, and poor steady-state behavior.

In this work, a robust predictive algorithm is proposed to handle power quality requirement in large scale PV plant based on paralleled three-phase inverters. The main motivation is related to the promising performance of predictive control to handle complex control issues.

The main purpose is to assess the performance of paralleled inverters in order to remove the undesired circulating current and ensure power quality requirements. The main contribution and the novelty of the present work can be summarized in the following points:

• Parallel inverter structure is used to export power from large-scale PV plant to the main grid which offers high efficiency and availability under existing failure.

• Robust Model Predictive Control MPC is proposed to ensure the proper control of delivered power to meet the requirement of grid integration code. This algorithm is extended in such way to provide an appropriate augmented model which adds an integral action that allows to achieve good tracking, a good steady state, and rejection of unknown disturbances.

• The optimization approach is used to make the control accurate which gives a smooth power and a smaller ripple.

• The z-axis component is included in the cost function for minimizing circulating currents flowing through inverter units

• The proposed MPC control is validated through MatLab Simulink and its real-time feasibility is verified via a Hardware-In-the-Loop (HIL) setup based on Opal-RT and dSPACE rapid prototyping systems.

The proposed MPC is based on an optimization approach which allows minimizing circulating currents with ensuring the standard requirements for the grid. This technique can be generalized to be applied on n-inverters allowing power sharing; which seems to be interesting from industrial point of view given the limitation of central inverter structures. Hence, in order to demonstrate the effectiveness of the proposed control, the performance of the proposed MPC is compared to that of PI controller in terms of power quality, power ripple, perturbation rejection, and good dynamic response.

The rest of this paper is arranged as follows. In Section II, modeling of parallel inverters is analyzed, and, in Section III, designing the proposed MPC controller is presented. Section IV presents simulation results to validate the effectiveness of control scheme. Section V presents the HIL architecture and the obtained results. Finally, section VI is dedicated to the conclusion. In ideal conditions, if the parallel inverters are composed of similar modules and inductances, no circulating current will be generated. However, in practice the existence of a small difference in the inverter parameters can lead to a large circulating current through them.

System modeling

The equations of the system in the three-phases % -' -( frame can be given as:

) ( ) * ( ) *+ = ( ) - -- ( ) (1) 
where ( ) are the output voltages of the inverter ( ; = 1,2, . . 4). and ( ) represent the grid voltages and phase currents of the inverter ( ) respectively; ) ( ) ,are the inductance and the resistance of the output filters.

In the calculation of predicted currents, a mathematical model in * -5 -6 is helpful to describe the relationship between the system inputs 78( ) , and the system outputs 78( ) . model of the parallel system in the * -5 -6 frame can be written as:

9 ) ( ) * 78( ) *+ = 78( ) -78 --78( ) -:) ( ) 78( ) ) ( ) * ;( ) *+ = [ ;( ) --;( ) ] (2) 
where ;( ) is the common voltage of the inverter ( );

The sum of ZSCC for n-inverters can be written as

> ; ? @A = >( + + )/√3 ? @A = 0 (3)
For two inverters, we obtain

; = ;A = -;F = ( + + )/√3 (4) 
This equation indicates that only one of the two currents is needed to have zero sequence current control.

For three inverters, the expression given by (3) becomes

;H = -( ;A + ;F ) (5)
This equation indicates that in three parallel inverters only two currents are needed to have zero sequence current control. The dynamic model of the zero-sequence circulating current for two and three parallel inverters can also be deduced from (2). This fact is revealed in Fig. 2 and Fig. 

Designing of the proposed MPC controller

This section presents in detail the procedure of designing the proposed MPC control strategy.

As illustrated in Fig. 4, the MPC algorithms consist of controlling the line-currents injected to the main grid and minimizing circulating currents through inverters. 

L 1 ,r 6 Inv #2 Inv #1 i abc1 i abc2
d i k + + P PV - Eqs (1) & (2)
--

1 d i z i 2 q i 2 d i 1 q i 1/2 * 0 z i = * 2 q i * 2 d i * 1 q i * 1 d i Fig. 4. Block diagram of proposed control scheme for two parallel inverters.
The proposed MPC control is designed, on one side to ensure the proper control of the injected currents and on the other side to remove the undesired circulating current in parallel inverters.

The mathematical fundamentals of this control concept is presented in [START_REF] Wang | Model Predictive Control System Design and Implementation Using MATLAB®[END_REF].

Actually, the model predictive control is formulated to solve an optimal control problem. Fig. 5 shows the basis of model predictive control. Based on the measured variable, the controller predicts the future dynamic behavior of the system over a prediction horizon . By using a cost function, the objective is to minimize the error between the predicted output and the reference where the objective function is made small as possible. Thus, the control algorithm optimizes over a time period to determine the immediate and best control action that brings the predicted output closer to the desired objective. Once the control is applied, then the controller reinitializes the optimization over the moving horizon to find next control inputs and this keeps marching forward and forward in time. To build the desired control, it is needed: i) state prediction, ii) optimization of the cost function.

i) State prediction

According to inverter model given above, the dynamic model of the parallel inverters can be written in the following form:

J K (+) = L (+) + M "(+) + * N(+) = O (+) (6) 
where

(+) = [ 7A 8A 7F 8F ; ] Q "(+) = R 7A 8A 7F 8F ; S Q , N(+) = [ 7A 8A 7F 8F ; ] Q
and the matrices L , M , O are defined as:

L = T U V --/) A 0 - --/) A 0 0 0 0 0 0 0 --/) F 0 0 - 0 0 0 0 --/) F 0 0 --/) FW X Y M = T U V 1/) A 0 0 0 1/) A 0 0 Z 0 0 0 0 1/) F 0 0 0 0 0 1/) F 0 0 0 0 0 1/) F W X Y O = T U V 1 0 0 0 1 0 0 Z 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 W X Y * = [ 7 /) A 8 /) A 7 /) A 8 /) A 0 ] Q
The state-space model for the parallel grid connected system has to be discretized for the purpose of designing the discrete MPC controller. In this work, Euler approach is used which implies that:

L 7 \ ] + L & M 7 \ M & O 7 = O .
where is the sampling time.

To overcome the uncertainties of unknown parameters, * is assumed to be constant in order to be removed when handling the incremental model. By taking the difference between two consecutive samples, the incremental model is given as:

∆ ( + 1) = L 7 ∆ ( ) + M 7 ∆"( ) (7) 
where ∆ ( ) = ( ) -( -1) is the difference of state variable and ∆"( ) = "( ) -"( -1) is the difference of control variable also,

N( + 1) -N( ) = O 7 ∆ ( + 1) = O 7 L 7 ∆ ( ) + O 7 M 7 ∆"( ) (8) then: 
N( + 1) = N( ) + O 7 L 7 ∆ ( ) + O 7 M 7 ∆"( ) (9)

The augmented system can be given as

J ( + 1) = L ( ) + M"( ) N( ) = O ( ) (10) 
where

( ) = a ∆ ( ) N( ) b , L = a L 7 0 c×c O 7 L 7 ] c×c b, M = a M 7 O 7 M 7 b, O = (0 c×c ] c×c )
where 0 c×c , and ] c×c , are the zero and identity matrices respectively, their dimensions are denoted by sub-indices.

This MPC algorithm is used to track the reference signals N where for two parallel inverters, the outputs are: Then, dividing them over two in order to make the two inverters sharing the same currents.

N = R 7A 8A 7F 
The reference currents for each inverter are then calculated as follows:

7A = 7F = 7 2 & 8A = 8F = 8 2 (12)
The design of MPC algorithm needs the predicted future outputs for a number of coming steps.

The future state vectors predicted for samples from one to instants can be given as

( + 1) = L ( ) + M∆"( ) ( + 2) = L F ( ) + LM∆"( ) + M∆"( + 1) ⋮ ( + ) = L o p ( ) + L o p qA M o p qA ∆"( ) + ⋯ + L o p qo s M∆"( + -1),
where and are named the control and prediction horizon ( t ) , respectively.

Assuming that the incremental control ∆" becomes zero after samples. The predicted output vectors for the next instants are written in a compact matrix and vector form, as

u = v w ( ) + Φ∆# ( 13 
)
where

v w = y L L F ⋮ L o p z; Φ = { | | | } M 0 ⋯ 0 LM M ⋯ 0 L F M LM ⋯ 0 ⋮ L o p qA M ⋮ L o p qF M ⋮ ⋯ ⋮ L o p qo s M • • • € ∆# = [∆"( ) ∆"( + 1) ⋯ ∆"( + -1)] Q ; ( + 1) = [ ( + 1| ) Q ⋯ ( + | ) Q ] Q

2) Optimization of the cost function

To find the control vector, the following cost function is proposed to be minimized

' = u Q ƒ u + ∆# Q " ƒ ∆# ( 14 
)
where ƒ and " ƒ are scalar matrices that have identical components. The dimension of the ƒ , and " ƒ matrices are (5 × ) × (5 × ) and (5 × ) × (5 × ) for the application of two parallel system. The optimal solution can be given by

…' …∆# = 0
Solving this equation gives the optimal control vector as

∆# = -Ω qA Ψ ( )
where data matrices are defined as

Ω = (Φ Q ƒ Φ + " ƒ ) %4* Ψ = Φ Q ƒ v w
using receding horizon control, the control components to be applied at the next sampling time (first five rows) is

∆"(+ ) = -[I 0 … 0]Ω qA Ψ Š‹‹‹‹‹‹OE‹‹‹‹‹‹• Ž ••' ( ) = -K ( ),
Therefore, the control law to be applied to the plant is

"( ) = ∆"( ) + "( -1)
It is worth to say that the proposed predictive MPC controller can be generalized to be applied on n-inverters. As equation ( 3) indicates, to control the circulating currents flowing through nparallel inverters, only n-1 inverters are needed to have ZSCC control.

Designing comparative controller

In order to demonstrate the effectiveness of the proposed control, the performance of the proposed MPC is compared to that of PI linear controller. In the following, the design of the PI controller is presented.

A) PI controller design

The main purpose of the PI controller is to allow tracking the reference currents. The reference voltages of each single inverter can be calculated as:

' 7 = " (")• 7 -7 --) 8 + 7 8 = " (")• 8 -8 -+ ) 7 + 7 (15) and ; = " (")• ; -; - (16) 
where " (") is the transfer function of the PI controller. The closed loop transfer function, where the inner loop is considered as a first order function, is expressed as:

O)(") = ) " + ) " F + •-+ - ) " + ) (17)
Comparing this function to canonic form of a second order transfer function, we find:

J = 2) $ -- = ) F

Simulation results

In order to validate the proposed control strategy, a simulation of a PV system connected to the main grid with two parallel inverters is built on MATLAB/Simulink environment. The characteristics of the PV plant are shown in Fig. 6 where the generated power is about 1MW in standard conditions (1000 W/m 2 and 25 °C). The parameters used in the simulation of the studied system are listed in Table 1. Simulations are carried out during steady and transient state for the proposed MPC controller.

Also, assessment and comparison of its robustness with filter parameter variations are investigated and the results of circulating current proposed are presented.

PV side power flow

Fig. 8 shows the chosen irradiation when temperature is set at 25 °C. At the beginning, the irradiation is set to 1000 W/m² and the maximum power injected to the grid is about 1.0056 MW as indicated in Fig. 6. Fig. 9 shows the power extracted by the MPPT block using the well-known P&O algorithm. It is observed that in the two methods, the maximum power available is properly tracked with respect to irradiation changes. As it is shown in the results, the power ripple in case of MPC controller is less than that in case of linear controller. The percentage of the ripple in each case is respectively 0.7%, and 2.8%.

Fig. 10 illustrates the dc-link voltage; we notice that, in the two control strategies, it is kept equal to the voltage at MPP. However, the amount of the voltage ripples, in case of the proposed controller, is smaller and its value is about Ÿ 7 = 45 ™, whereas its value in case of PI controller is Ÿ 7 = 82 ™.

Fig. 11 shows the DC input current for the parallel inverters ( 7 ) which is equal to the sum of ( 7 A ) and ( 7 F ). We notice that the input power of parallel inverters is equal to the DC current times the DC link voltage.

Grid side power flow

This scenario is aimed to assess the performance of the proposed predictive controller in injecting maximum available power with respect to irradiation variations. From Fig. 12 it can be seen that the system rapidly reaches steady-state for both controllers. As it is shown, the ability of sharing power among various units is well achieved. In fact, the injected power is the sum of the power of the two inverters. One can observe that the instantaneous active and reactive power of grid side in case of the proposed controller contain smaller undesirable oscillating part which came from the power ripple that flows between DC link and RL filters. The ripple value in case of MPC is about 4.3% which is less than that in case of the PI controller which is 7.7%. 

Voltage (V)

Voltage (V) Fig. 11 The DC input current of paralleled inverters and of each inverter. To understand well what happens in closed loop control of the PV system, either dq-current loops or circulating current loop, the next section focuses on the assessment the performance of the predictive controllers in regulating currents and suppressing circulating currents.

Current regulation performance

In this section, the performance of predictive MPC controller is investigated and compared to PI controller. The transient analysis has been carried out with = 20 oe". A step change in the irradiation is applied (600 -1000 -800 /š²). The obtained results are depicted in Fig. 13 where a good dynamic response of injected currents is observed. The rising time is the same in both controllers, which is about 3.7ms. Moreover, the rejection of the disturbance using MPC is faster than that obtained by the classical controller. In terms of total harmonic distortion (THD), its value is 0.82 % with MPC, whereas it is about 2.23 % with PI controller (see Fig. 14.). one can notice that the THD values, for both controllers, comply with IEEE 1547 standard which must be lower than 5%. 

Zero-sequence circulating current minimization

The goal of this section is to minimize the circulating current in order to increase the whole efficiency of the parallel inverters and to protect them. This is achieved by including the zcomponent to the cost function of controller as modelled in section 2. Fig. 15 shows the a-phase current of each unit of the parallel inverters. It can be seen that a-phase currents are shifted from each other by ZSCC component. As depicted in the same figure, the amplitude of the ZSCC component using MPC is less even without applying ZSCC control part. Its value is ; = 75L which is about 6.85% of the injected current. Whereas its recorded value is about 53.4% when using PI controller.

As mentioned before, to handle this undesired current we need to force the z-component current to be zero and the ZSCC will track this reference. After applying zero-sequence current control, Fig. 16 reveals that a-phase currents are not shifted and ZSCC is minimized, as well as the power sharing is enhanced where the value of the a-current ( % ) is the sum of a-phase currents ( %1 , F ). Fig. 17 shows the minimized ZSCC component, the circulating current ripple using MPC is smaller compared to that using classical controller, and minimized better. 

Current (A)

Current (A)

Parameter variations & Robustness analysis

This test is aimed to investigate the robustness of the proposed predictive control against filter parameter variations and compare the compensation ability for such variations. The filters are considered to change from 25% to 250% of the nominal value of the filter inductances. Fig. 19 shows the performance of the proposed predictive controller compared to PI controller in terms of harmonic contents. The Simulation confirms that both controllers are fairly good in the range of nominal value. Because MPC naturally includes uncertainties, it continues to perform properly current control for a wide range of filter parameters comparing to PI controller. Despites of 25 % of the variations from the nominal value, the THD value in MPC controller is still comply with international standards. This result confirms the high performance in terms of power quality of the proposed control against filter variations.

The summary of these tests is presented in Table 2 where this plus "+" means better performance. 

Real-time implementation in a HIL setup

A. Setup architicture

The HIL simulation prototype is built based on Opal-RT RT-LAB platform integrated with MATLAB/Simulink and dSPACE control desk. Fig. 20 describes the prepared setup used to validate the MPC control. In this setup, the physical power system is emulated in the Opal-RT OP4510 simulator and the proposed control is implemented by using a dSPACE DS 1007. The RT-LAB consists of a 3.5GHz core, and has 128 high performance analogue/digital channels. It is controlled via windows host computer using TCP/IP connection. 

B. Results

Fig. 21 shows the a-phase currents of the two parallel inverters denoted ( %1 , F ) and the grid current with their zoom. As it can be seen in Fig. 21(a), the presence of circulating currents results in shifting between a-phase current waveforms when the zero-sequence circulating current is uncontrolled. This undesired issue is then cancelled when activating the ZSCC control part as presented in Fig. 21(b).

The general view of the system behavior is presented in Fig. 22 where the grid voltage, the three-phase currents of the two paralleled inverters are displayed. 

Conclusion

In this paper, a robust model predictive control MPC based on state-space is proposed to ensure power quality of PV plant connected to the grid with parallel inverters. The proposed control uses the optimization process in order to compute the next control which enhance the injected currents and minimize the circulating current. More, a detail designing of the proposed algorithm is presented. The proposed MPC is assessed and compared with PI control.

Fig. 1

 1 Fig. 1 depicts a PV plant connected to the main grid through parallel inverters. The structure of the system comprises several three-phase voltage source inverters connected in parallel with common DC and AC buses.

Fig. 1 .

 1 Fig. 1. Structure of the studied system.

  Fig. 2. Dynamic model of ZSCC in two parallel inverters.

  Fig. 5. Principle of the proposed model predictive.

Fig. 6 .

 6 Fig. 6. Characteristics of the PV plant.

Fig. 7

 7 Fig. 7 presents the Simulink block-diagram of the studied PV plant. Simpower-system Library is used to build the power part which consists of PV arrays, the paralleled inverters and connecting passive filters to the main grid. The control part consists of an MPPT algorithm and the proposed MPC controller.

Fig. 7 .

 7 Fig. 7. Simulink block diagram of parallel inverter system.

Fig. 8 .

 8 Fig. 8. Variations of irradiations.

Fig. 9 .

 9 Fig. 9. Comparison of extracted power at MPP. (a) the proposed modulated MPC, (b) PI controller.

Fig. 10 .

 10 Fig. 10. Comparison of dc-link voltage. (a) the proposed MPC, (b) PI controller.

Fig. 12 .

 12 Fig. 12. Comparison of injected power into the grid: (a) the proposed modulated MPC, (b) PI controller.

Fig. 13 .Fig. 14

 1314 Fig. 13. Comparative simulation results of transient response in d-q frame: (a) the proposed modulated MPC, (b) PI controller.

Fig. 18 Fig. 15 .

 1815 Fig.18illustrates the three-phase currents of each inverter of the studied structure after applying the ZSCC control part.

Fig. 16 .Fig. 17 .

 1617 Fig. 16. The a-phase currents with zero-sequence current part; inverter line currents A , F and the a-phase voltage. (a) the proposed modulated MPC, (b) PI controller.

Fig. 18 .

 18 Fig. 18. The three-phase currents of each inverter of the paralleled structure.

Fig. 20 .

 20 Fig. 20. HIL setup.

  Fig. 22(a) shows that the presence of circulating currents results in unbalanced inverter currents. Meanwhile, the activation of the ZSCC control enhances the current waveform quality and ensures equal current sharing between the two inverters Fig.22(b).

Fig. 21 .Fig. 22 .

 2122 Fig. 21. HIL results of the a -phase current waveforms and their zoom: (a) without, and (b) with activating ZSCC control part.

Table 1

 1 

	Power (W)	
	System parameters	
	Parameters	Value
	Maximum Power of plant Voltage at maximum power point of w	1,0056 MW
	plant filter resistance -filter inductance ) A filter inductance ) F	1015 ™ 1 š› 300oe• 340oe•

Table 2

 2 Performance comparison 

	Methods	Linear control	MPC control
	Criteria		
	THD	2.23%	0.82%
	Rising edge time	3.7ms.	3.7ms.
	Circulating current ripple Power ripple percentage	Ÿ ; \ 48L 7.7%	Ÿ ; \ 18L. 4.3%
	Disturbance rejection	+	++
	Robustness to model parameters	+	++
	variations		

Simulation results demonstrate that the proposed control provides good property and high performance. In case of step change, the rejection perturbation using MPC is fast. Also, the minimization of ZSCC is better where the amount of circulating current ripple is less. Moreover, MPC compensates for filter variation changes better than the linear controllers. The implementation under Hardware-In-the-Loop (HIL) setup based on Opal-RT and dSPACE rapid prototyping systems demonstrates the real-time feasibility of the proposed approach.