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Abstract-This paper presents the concept of the three-phase 
module-integrated converters (MICs) incorporated in grid-tied 
large-scale photovoltaic (PV) systems. The current-source con
verter (CSC) with dc voltage boost capability, namely single-stage 
power conversion system, is proposed for three-phase PV MIC 
system. A model predictive scheme with low switching frequency 
is designed to control the proposed topology in such a way 
that provides a certain amount of active and reactive power in 
steady-state operation and also provides a proper ratio of reactive 
power under transient conditions to meet the low voltage ride 
through (LVRT) regulations. To predict the future behavior of 
current control values and switching states, a discrete-time model 
of the MIC is developed in synchronous reference frame. It is 
demonstrated that the injected active and reactive power can 
be controlled using minimizing the cost function introduced in 
the predictive switching algorithm. The proposed structure is 
simulated in MATLAB/SIMULINK software. The results verify 
the desired performance of the proposed control scheme for 
exchanging of both active and reactive powers between the PV 
MIC and the grid within different operating conditions. 

Index Terms-Active and reactive control, current source 
converter (CSC), low voltage ride through (LVRT), module
integrated converter (MIC), model predictive control (MPC). 

I. INTRODUCTION 

T HE attempts to reduce the greenhouse gas emissions 
are promising the recent dramatic increase of installed 

photovoltaic (PV) capacity, predicted 25% growth over the next 
10 years [1]. Practically, the grid-tied PV system architectures 
can be classified into three basic types: centralized inverter, 
string or multistring inverter, and the AC module-integrated 
converter (MIC) (also called microinverter) [2]. Among these, 
MIC concept has become the most recent method for grid-tied 
PV system development in the market and it will be a tendency 
for future solar PV deployment, due to its superior advantages 
such as the low cost of mass production, high efficiency, easier 
installation, and improved energy harvest [3]. 

The commercial PV MIC systems are widely used in single
phase distributed PV generation with a power rating range of 
150-400 W and input dc voltage variation of 20-45 V. Since 
the low PV voltage needs to be boosted to match the utility 
grid voltage, several MIC topologies based on the number of 
the conversion stages and the design specifications have been 
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studied and presented in the literature [2]-[6]. Although these 
proposed topologies have shown promising results for single
phase small-scale residential and commercial PV applications, 
three-phase small-scale PV MIC concept can be taken into 
consideration for large-size PV installations, considering the 
merits of solar systems based on micro-inverters. 

Conventional systems for a large-size PV installation are 
based on centralized or string inverters. Recently, development 
of the three-phase MIC concept to large-size PV installation
s, is introduced where each MIC is integrated directly into 
each PV panel [3]. This architecture will reduce the cost per 
watt, improve system reliability, and eliminate the single-point 
failure. Assuming further expansion of the three-phase grid
tied MIC system into large-scale PV installations, it would be 
required for micro-inverters to be equipped with low voltage 
ride through (LVRT) capability in order to fulfill the upcoming 
requirements under fault conditions. The previously analyzed 
control schemes focused on LVRT enhancement of the voltage 
source converter (VSC)-based MIC systems which are mostly 
based on the concept of d - q rotating synchronous reference 
frame with classical linear proportional-integral (PI) regulators 
and pulsewidthlspace vector modulation (PWMlSVM) [7]-[9]. 

Unlike VSC, the LVRT improvement of current-source con
verters (CSCs) in low power ranges (up to 500W) especially 
in PV MIC system, is rarely studied in the literature [10], 
[11]. A single-stage CSC topology, compared with VSC-based 
configurations, provides the alternative way to achieve the 
dc voltage boost capability without additional stages, so that 
circuitry complexity and the overall system losses may be 
reduced, as discussed in [11]. 

Recently, the finite control set model predictive control (FCS
MPC) has been used in many power electronic applications, due 
to the fact that it is simple intuitive method and can remove 
the need for linear regulators and modulation stages [12]
[14]. One of the advantages of MPC approach is that system 
nonlinearities and limitations can be incorporated directly into 
the model, resulting in better steady-state results and a faster 
transient response compared with classical controllers. The 
FCS-MPC method for the LVRT enhancement of the grid
tied VSC topology was previously studied in [13] and [14]. 
However, the power control of the CSC-based MIC using FCS
MPC strategy was not analyzed. 

This paper develops the application of the single-stage CSC 
topology for the three-phase grid-tied PV MIC system. A 
predictive control strategy is applied to the CSC-based MIC 
to provide balanced grid currents under disturbances, simul-
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Fig. 1. Three·phase current source microinverter·based architecture for solar farm. 

taneously with suitable active and reactive power regulation, 
allowing to fully meet the LVRT requirement. For this purpose, 
the system modeling is first presented in continuous-time and 
then converted to discrete-time models for the purpose of 
digital implementation. The control objectives are expressed as 
a fitness function. During each sampling interval, the fitness 
function is minimized using the actual measurements and 
predicted values for given switching states, which are then 
applied to the CSC-based MIC directly. 

II. CONFIGURATION AND MODELING OF THE CSC-BASED 

MIC SYSTEM 

The system architecture for PV solar farm based on three
phase MICs is shown in Fig. 1. A three-phase CSC-based MIC 
is integrated directly into each panel. The outputs of each MIC 
are directly connected to low voltage three-phase grid, where 
each MIC operates independently regardless of the failure of 
other MICs. The proposed circuit is consist of a bridge with 
six reverse blocking MOSFET switches (51 - 56) in series 
with a diode, a dc-link inductor Lde as the main energy storage 
component, a dc-voltage source representing the output voltage 
of the PV arrays. The CSC is well suitable for MOSFETs since 
their inherent body diodes are inactive during cOlmnutation. 
The system connected to the three phase grid voltages Vag, Vbg, 
Veg through a high frequency LC filter. 

A. Continuous-Time Modeling of CSC-Based MIC 

In this paper, active power and reactive power are considered 
to be controlled by using the grid currents modeling presented 
in synchronous reference frame. For a three-phase CSC, 9 
switching combinations, i.e., three charging operating modes 
and six discharging operating modes, are available as given 
in Table I. At any switching instant, only two active switches 
conduct, one of the upper MOSFETs (51,53,55) and one of 
the lower MOSFETs (54,56,52) to keep a flow pass for the 
inductor current, ide. The dc-link current conducting of the 9 
possible switching states for the CSC-based MIC is shown in 
Fig. 2. 

The d - q components of the grid current can be expressed 
in terms converter output voltages, grid voltages and filter 
impedance as 

TABLE I 
SWITCHING COMBINATIONS OF THE CSC·BASED MIC SYSTEM 

SC# 51 52 53 54 55 56 iao ibo ico 

0 0 0 0 0 0 0 
2 0 0 0 0 ide -ide 0 
3 0 0 0 0 ide 0 -ide 
4 0 0 0 0 0 0 0 
5 0 0 0 0 0 ide -ide 
6 0 0 0 0 -ide ide 0 
7 0 0 0 0 0 0 0 
8 0 0 0 0 -ide 0 ide 
9 0 0 0 0 0 -ide ide 

where, L f and R f represent grid filter inductance and its 
resistance, respectively. Vdo, vqo, Vdg, and Vqg are dq-axis 
converter and grid voltages, respectively. idg, iqg, and Wg are 
dq-axis grid currents and grid angular frequency, respectively. 

The capacitor currents can be derived using converter output 
voltages as ide = -wgC fVqo and iqe = wgC fVdo. Thus, the 
relationship between the converter output voltages and currents 
can be written in dq-axis shown as 

{VdO = �c (iqo -iqg) � I � Vqo = �C (idg -ido) Wg f 
By combining the dynamic equations in (1) and (2), the 

continuous-time system describing the dq-axis grid currents can 
be obtained as 

where 

:t [�::] = A [�::] + B [�::] + C [�::] 

[ 0 
B = 

-1 
wgLfCf 

1 1 [ -1 0 1 wgLICf C = 
Lf 

0 '  0 -1 
Lf 

B. Discrete-Time Modeling of CSC-Based MIC 

(3) 

(4) 

(5) 

For the digital implementation of FCS-MPC algorithm, a 
discrete-time model of the system is needed. Microprocessor
based hardware helps in the real-time implementation of such {Lf d��g + Rfidg - LfWgiqg = Vdo -Vdg models. Thus, in this section, all the continuous-time systems 

Lf d��g + Rfiqg + LfWgidg = Vqo -Vqg 
(1) 

are converted to the discrete-time domain. 
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Fig. 2. The charging and discharging states of operation for CSC-based MIC. 

The discrete-time system describing the dq-axis of the grid 
currents can be obtained from (3) for the one-step prediction 
as follows 

[i�g(k + 1) ] = X [id9(k) ] + X [idO(k) ] + X [Vd9(k) ] 
igg(k + 1) A iqg(k) B igo(k) c vqg(k) 

(6) 

XA = eATs, XB = A -l(XA -I)B, Xc = A -l(XA -I)C (7) 

where idg(k), iqg(k), vdg(k), and vqg(k) are the dq-axis of 
the measured grid currents and voltages while Ts is controller 
sampling time. 

The discrete values of the converter output currents in 
dq-axis reference frame can be estimated from switching 
signals Sl (k) -S6(k) and dc-link inductance current measure
ment, iTc(k), as express below: 

(8) 

where K is the abc/dq transformation matrix as: 

cos(Bg(k) _ 2;) 
_ sin(Bg(k) _ 2;) 

cos(Bg(k) _ 4;) ] 
-sin(Bg(k) - 7) 

(9) 
where Bg(k) is grid voltage angle, which can be obtained by 
an phase-locked loop (PLL). 

The one-step prediction methodology is often used to simpli
fy analysis and digital implementation computations. However 
in the real-time implementation, the computational delay pro
duced by the digital signal processor needs taking consideration 
[14]. Thus, the discrete time equation (6) is shifted one step 
forward, i.e., (k + 2) prediction. 

To save computational effort, the same estimated converter 
currents ido(k) and i�o(k), are used in (k + 2) prediction of 
grid currents [14]. The discrete-time model for the two-step 
prediction of grid currents is as follows: 

where i� (k + 2) and igg(k + 2) are the predicted grid currents 
in (k + 2) state using 9 possible switching combinations. For a 
small enough sampling time and to save computational efforts, 
it is possible to consider Vdg (k + 1) ;::::: Vdg (k) and Vqg (k + 1) ;::::: 
vqg(k). 

From (6)-(10), the future behavior of the d-q components 
of the grid current which are related to the converter switching 
signals can be obtained based on the actual measurements 
and estimated converter currents. The optimal selection of a 
switching state among the 9 switching combinations leads to 
the proper regulation of the active and the reactive power of the 
PV MIC system. 

III. CONTROL SYSTEM FOR THE CSC-BASED MIC 

The FCS-MPC is an optimization control strategy, since 
it applies the optimized switching state directly to the con
verter, without using complex modulation techniques such as 
pulsewidthlspace vector modulation (PWM/SVM). The pro
posed control system of the CSC-based MIC provides a certain 
amount of active and reactive power in steady-state operation 
and also a proper ratio of reactive power for LVRT regulations 
in transient-state operation. Detail of the proposed control 
scheme for the CSC-based MIC is illustrated in Fig. 3, which 
is schematically divided into two main blocks, i.e., command 
control generation block and model predictive current control 
block. 

A. Generation of Reference Control Variables 

In this section, the generation of reference control variables 
during steady-state and transient-state operation is presented. 
The dq-axis grid current references are generated by a method 
similar to the classical voltage-oriented control. 

1) Steady-State Operation: in this operation mode, the con
trol objectives for the CSC-based MIC include the following: 
1) tracking of the reference dc-link current and 2) providing a 

[i�g(k + 2)] 
_ 

[i�g(k + 1)] [id
O
(k)] [Vd9(k + 1)

� 
certain amount of active and reactive power. Thus, through the 

i�g(k + 2) - XA i�g(k + 1) + XB i�o(k) + Xc vqg(k + 1) PI . controller-based regu.lation of the dc-link �urrent, the d:-axis 
(l gnd reference current IS generated. Assummg the maxImum 
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Fig. 3. Block diagram of the proposed control system for CSC-based MIC. 

steady-state operating current at the grid terminal is 1 per unit 
(p.u.), the grid cOlmnand active power can be derived, as follow 

(11) 

where SMIC is the rated power of the CSC-based MIC (300 
VA in this paper). 

The dc-link current reference, ide (k) is extracted with the 
P;(k) command. Then, ide(k) is compared with the measured 
dc-link current iTc(k) and error is given to the PI regulator to 
generate reference for vLde' The dc voltages of the PV side and 
converter side, and the voltage across the dc-link inductance 
satisfy the equation vLde (k) = vpv - vde (k). Neglecting the 
loss in the system (p; = Pde), grid active current idg (k) is 
derived based on the power-balance assumption 

Vde( k )ide(k) 
1.5Vdg (k) 

(12) 

The q-axis grid reference current i;g(k) can be simply 
obtained using Q�(k) command. Since ac-side capacitor Cae 
injects a fixed amount of the reactive power to the grid, Q� (k) 
is limited by the maximum and minimum values. 

2) Transient-State Operation: Recently, many power sys
tem operators are expanding and modifying their interconnec
tion regulations such as LVRT requirements for large PV instal
lations through the technical standard. A practical example of 
the LVRT requirements defined by the Danish system operator 
(Energinet. dk) is presented in [15]. Based on this regulation, the 
SWI and SW2 are switched from position 1 to position 2 (see 
Fig.3) when the grid voltage falls below 90% of its nominal 

LJ RJ i:;' (k) v:;'(k) Grid 

i:;'(k) v:;'(k) 
·m 

leg (k) 

idg(k), iqg(k) abddq 
Vdg(k), Vqg(k) TraDsactioD usiog (9) 

value. For the grid voltages in the range of 50%-90%, the 
PV MIC system should provide 2% reactive current for each 
1 % voltage dip, and once the grid voltage falls below 50%, 
the system should provide 100% reactive current. Assuming 
the rated rms phase current at the grid terminal is In, the 
q-component of the grid current in transient-state mode can 
be derived, as follow 

(13) 

B. Model Predictive Current Control Design 

The proposed MPC scheme using two-step prediction strat
egy is shown in Fig. 3. The future value of the grid current in 
(k + 2) state is predicted among the 9 switching combinations 
generated by the CSC-based MIC, using (6) and (10). 

An estimation of the current reference for the instant k + 2, is 
needed for the predictive control strategy. Thus, the references 
obtained in kth instant (command control generation block) 
are extrapolated to k + 2 instant. For the small sampling time, 
Ts < 20j.Ls, it is reasonable to consider i�(k + 2) = i�(k) . 
However, for Ts greater than 20j.Ls, the following second-order 
Lagrange extrapolation [l3] can be used as 

(14) 

The predicted grid currents i�g (k + 2) and i�g (k + 2) are 
compared with their reference values i'dg (k + 2) and i;g (k + 2), 
in a d - q reference frame using a fitness function f, as follows 

f =11 i'dg(k+2) -i�g(k+2) 112 + II i�g(k+2) -i�g(k+2) 112 
(15) 
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Fig. 4. The charging and discharging states of operation for CSC-based MIC. Fig. 5. The charging and discharging states of operation for CSC-based MIC. 

The goal of the fitness function optimization is to achieve the 
f value close to zero. With this approach, the best switching 
state in the previous iteration is used to estimate the control 
variables at (k + 1) instant. The prediction of (k + 2) variables 
is carried out using all the switching combinations from Table 
I. The switching state which minimizes the fitness function at 
(k + 2) instant is chosen and then applied to CSC-based MIC 
at the next sampling instant. 

IV. SIMULATION RESULTS 

The result of the simulation performed by MATLAB
Simulink is presented in this section to show the effectiveness 
of the proposed control method. The systems rated power is 
300 VA with voltage and frequency of 120 V and 60 Hz, 
respectively. The DC link voltage is 50 V and the circuit 
parameters for the simulation are selected as: Cj=15 f.LF, Lj=2 
mH, Rj= 2 n, Rdc=0.2 n, and Ldc=6 mHo The set value of 
the switching frequency is 2 kHz. 

To observe the operation of the control system, the step 
response is analyzed. The dynamic response of the active and 
reactive power to step changes in reference active and reactive 
power in no fault condition is shown in Figs. 4 and 5. Active 
reference power changes from 300 W to 260 W at t=2s and 
returns to its initial value at t = 4s. In the meantime, the 
reference reactive power goes to 150 Var and then gets back to 
zero. At the time of variation, the sudden increase in reactive 
power causes the active power to increase, then it stabilize at 
the reference value. Also, when the reference gets back to 300 
W, due to sudden decrease in reactive power, active power has 
reverse spike, then follows the reference power. It should be 
mentioned that the smoother the change in the reactive power, 
the less spike occurs in the active power, and on the other hand, 
takes more time to stabilize. 

Also, the operation of the system is analyzed in fault condi
tion. At t = 2s, fault occurs and active power reference drops 
to zero. At t = 2.2s the fault is cleared and active reference 
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Fig. 6. The charging and discharging states of operation for CSC-based MIC. 
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Fig. 7. The charging and discharging states of operation for CSC-based MIC. 

power gets back to 300 W. While at the mentioned interval the time duration of fault is not that much to let to reactive power 
reactive power reference raises to 300 W and gets back to zero. to increase to the reference amount of 300 Var. Along with the 
As can be seen in Figs. 6 and 7, the reactive power change in return of the reactive power to zero, the active power gets back 
fault time does not let the active power to drop to zero. The 300 W. 
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V. CONCLUSION 

In this paper, the 300-VA single-stage three-phase CSC 
was proposed and implemented as a promising solution for 
MICs in grid-tied large-scale PV systems. A model predictive 
control scheme is proposed independently control the active and 
reactive powers exchanging between the PV and the utility grid 
in order to meet recent grid-code and LVRT requirements. The 
PPWM switching technique for CSC topology was formulated 
based on the voltage phasor quantities. It is demonstrated 
that the injected active and reactive power can be regulated 
through modulation index mi and the modulation angle ao, 
introduced into the PPWM switching algorithm. The proposed 
control method was verified in simulation. The results showed 
fast transient response and good stability which indicate the 
effectiveness and robustness of the proposed control scheme. 
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