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Abstract—The development of different configurations and
topologies implemented in photovoltaic (PV) plants have made
possible the increase of efficiency of the system. The tradi-
tional configurations of grid-connected PV systems, centralized,
string, multi-string and ac-module, have been analyzed and
actually most of them are controlled using classic PI control.
Furthermore, each of them has different efficiency values due
to the inherent associated problems. The large-scale PV plants
do not work properly when the modules do not work at
the same conditions, for example when some atmospheric and
environmental problems are involved, it reduces the reliability
of the system. The traditional small-scale PV configurations
have a low efficiency due to the dc-boosting stage in order to
reach the grid levels. This work presents a grid-connected PV
configuration, focused in the improve of the efficiency of the
traditional ac-module configuration, a flyback topology for the
dc-side and a H-bridge topology for the grid connection will be
implemented. Moreover, the proposed control scheme is based
on FCS-MPC algorithm.

I. INTRODUCTION

Photovoltaic (PV) technology is well established as a re-

liable and economical source of electricity, which is gaining

more importance due to the increasing power demand in the

world, and it has experienced the fastest growth over the last

years due to the cost reduction of PV modules.

Depending on the PV applications and power levels, it is

possible to group the grid-connected PV systems in different

configurations, from a concentrated structure, with a single

inverter stage implemented in large-scale PV plants, to a

completely distributed structure, which increase the control

flexibility. The distributed structures have reached an increas-

ing interest oriented to small-scale PV systems [1].

PV systems without transformers would be the most suit-

able option in order to minimize the cost of the total system,

on the other hand, the cost of the grid-connected inverter is

becoming more visible in the total system price. Therefore,

the centralized converters are a good option for large-scale

PV systems. However, when isolated converters are required,

the whole converter size increases, and it leads to a reduction

of efficiency with traditional configurations.

Actually, the linear control techniques are implemented

in power converters for PV applications. However, in high

power converters, some techniques based on predictions of

the variable behavior have been proved. Therefore, this work

presents two different configurations for small scale PV sys-

tems. Furthermore, model predictive control (MPC) technique

is developed.

This paper is organized as follows: The alternatives of grid-

connected PV system configurations are presented in section

Fig. 1. Traditional grid-connected PV system configurations. a) Centralized.
b) String. c) Multi-string. d) Ac-module.

are presented in section III. The control schemes are presented

in section IV. The simulation results are shown in section V,

and finally in section VI some conclusions are given.

II. GRID-CONNECTED PV SYSTEM CONFIGURATIONS

Either in standalone configurations or grid-connected sys-

tems, PV systems are implemented [2]. The first one is

focused on the self consumption of the produced energy

depending on the load specifications. The second aims to

supply energy to the grid.

Depending on the size of the PV plants, the traditional

grid-connected PV systems are grouped in four configura-

tions. Centralized configuration for large-scale PV systems,

multi-string configuration for large and medium-scale, string

configuration for medium and small-scale systems, and ac-

module configuration for small-scale systems.

Large scale PV systems are commonly grid-connected

using a central three phase voltage source inverter, this is the

main feature of the centralized configuration. The topology

is shown in Fig. 1 a). The whole PV system is connected to

the inverter. Using a string configuration, which is the series

connection of single PV modules, in order to achieve the

desired dc-link voltage. Parallel connection of some strings

are made, in order to reach the power rating. It presents

some drawbacks due to the central inverter topology; there

are a single MPPT, therefore in partial shading scenarios there

are significantly reduction of produced power. Blocking and

bypass diodes are required [3].II. The traditional ac-module and the proposed configuration
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Fig. 2. Ac-module PV system based on interleaved flyback converters and
H-bridge inverter [5].

String configuration is a reduced version of the centralized

topology so that, it uses one inverter per PV string as shown

in Fig. 1 b), therefore the series blocking diode is not needed.

The input voltage is high enough to avoid an elevation stage

and a separate MPPT can be applied to each string. The

main drawbacks of this topology are the higher component

count, this means several individual control systems, and more

magnetic components if galvanic isolation is required.

Multi-string configuration is shown in Fig. 1 c). This

topology combines the advantage of higher energy yield of

a string inverter with the lower costs of a central inverter [3].

The multi-string configuration allows an individual MPPT in

the dc-dc stage, a voltage elevation and isolation if is required,

therefore it is possible to implement it in medium and small-

scale PV plants keeping a high efficiency.

Finally, the small-scale PV plants use the ac-module topol-

ogy for the single-phase grid connection as shown in Fig. 1

d). It has one converter connected to each PV module in order

to do the MPPT. The losses produced by the partial shading

are reduced, however the efficiency of the whole system is

the lowest. This problem is the required voltage elevation

stage for the grid-connection, therefore, this topology is only

implemented in small-scale PV plants.

III. MODULE INTEGRATED CONVERTERS

The small-scale PV systems, like rooftops applications, had

increased considerably in the last years. Therefore, the module

integrated converters (MIC) configuration is one of the most

recent approach to grid connection. This configuration has

two steps. The dc-stage is formed by micro-dc converters that

are made in order to do the maximum power point tracking

(MPPT), boost the dc voltage, and provide galvanic isolation

if is required. In order to connect to the grid a dc-ac inverter

is required, it eliminates all dc high voltage wiring. The MIC

configuration are generally at cost disadvantage compared to

other approaches [4], but actually the semiconductors and

power converters development has made this configuration

increasingly competitive.

A. Interleaved input & Interleaved output connection

The commercial ac-module configuration was developed by

Enphase Energy [5], currently commercialized by Siemens.

The most common configuration is shown in Fig. 2. It works

with the flyback micro-dc converter and H-bridge micro-

inverter topology. The main feature of this configuration is

the interleaved flyback converters. With these connection the

power is divided by the number of converters, enabling higher

Fig. 3. Proposed parallel to series interleaved ac-module converter.

switching frequencies, and it allows a reduction in the size

of the HF-transformer. This configuration works using phase

shifted carriers for reference modulation stage. It allows a

reduction in the current ripple, extending the lifespan of the

capacitors [6].

Because of the dc-boost stage, it configuration has the

lowest efficiency compared with the other grid-connected

configurations, since the voltage ratio conversion is higher

between the output PV module and the grid.

B. Interleaved input & Series output connection

The proposed configuration is shown in Fig. 3. It works

with the flyback micro-dc converter and H-bridge micro-

inverter topology. It has the same advantages that were

mentioned before due to the interleaved concept. Moreover,

the series output connection reaches the required voltage level

to the dc-ac inverter, with a lower voltage distribution at output

of the flyback converters, for that reason, the conduction and

commutation losses are lower compared with the interleaved

output configuration, leading an efficiency increase. Further-

more, the reduction of capacitors size is considerably due

to the reduced voltage levels, hence the reduction of the

converter design.

IV. CONTROL ALGORITHMS

The flyback converter is used in low-power applications,

therefore it is suitable for the studied case. The main feature of

this topology is shown in the following equation. It is possible

to notice the buck and boost feature.

nt =
n1

n2

Vo

Vi

=
D

nt(1−D)
(1)

where,

n1 : number of turns of primary winding.

n2 : number of turns of secondary winding.

Vo : output voltage.

Vi : input voltage.

D : duty cycle.

As shown in (1), it is possible to notice that depending on

the duty cycle, either the input voltage or the output voltage,

can be controlled.
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Fig. 4. Control scheme. a) Voltage control scheme. b) Current control
scheme. c) Single-phase voltage oriented control.

A. Classic PI for voltage control at MPP

In literature is easily to find many dc-dc converter con-

trollers depending of the topology and the power converter

model. One of traditional control scheme to develop the

voltage control at mpp is shown in 4 a).

The outer control loop receive the voltage reference v∗pv
obtained from the MPPT algorithm, in this case, perturb and

observe (P&O) is implemented due to the simple design. It is

compared with the measured voltage in the input capacitor and

the error is controlled using a linear proportional-integral (PI)

controller. The output signal is the current through the input

capacitor i∗C , but the aim is to control the current through the

inductor in order to remain a continuous conduction mode,

therefor a feed-forward compensation loop is included, the

reference given is the inductor current per each cell i∗Ln
. It is

divided by the number of dc converters n, and compared with

measured current of each cell. The feedback current is filtered

at the switching frequency, so that it generates an imbalance

in the capacitors when the filter is not included.

B. FCS-MPC for current control

When PI controllers are used to operate dc-dc converters a

linear cascaded control loop is required. Moreover, to reduce

the current ripple at input on interleaved connections, the

carriers for each converter are shifted in phase by 2π/n [rad],

where n is the number of interleaved converters.

Finite control set model predictive control (FCS-MPC) is

a simple method, which allows the control of different con-

verters and variables without the need to implement cascaded

control loops or modulation techniques [7]. The last one is

the main advantage at the proposed converter compared with

traditional linear control methods with modulator, because if

increases the number of converters, the carrier signals required

for the modulation techniques also increase.

In order to model the flyback converter, the equations for

each commutation states of the switching device are obtained.

when, s = 1:

vpv = Lm

diL
dt

(2)

when, s = 0:

Lm

diL
dt

= −ntvdc (3)

In order to implement the control algorithm, the behavior

of control variable is predicted at next sampling time k by

deriving the equations in discrete time. However, it is possible

to extend to n-step p in prediction horizon. Further, both

equations are expressed as one equation which depends on

the switching state s.

i→L (k+ p+1) = i→L (k+ p)+ s
Ts

Lm

vpv(k)− (1− s)
Ts

Lm

ntvdc

(4)

where,

i→L ǫ{iL1, iL2, iL3}. They are the input currents for each dc-

converter.

However, using the sampling instant k + 2 the calculation

delay is compensated [8].

With the calculated predictions it is possible to define a cost

function, it will be minimized in order to achieve the smaller

error. The chosen cost function structure is the quadratic

function of the error as shown,

g1 = (i∗L(k)− i→L (k + 2))2 (5)

C. Frequency fixing & Ripple control

In order to achieve the control objective with classic pre-

dictive algorithms, a high switching frequency is required.

It means that the switching losses also increase. There are

methods to improve the efficiency without affecting the per-

formance of the system. These are implemented in order to

reduce the switching frequency and improve the converter

design, either in matrix converters [9], or when interleaved

boost converters are used [10].

The fixed frequency algorithm is based on the counting

samples that have passed since the last commutation M(k)
and the predicted samples depending of the different switching

states M(k + 1). Considering this term, the cost function is

the following.

g2 = (M∗(k)−M(k + 1))2 (6)

The given reference is based on the desired switching

frequency

M∗(k) =
fc
2fr

(7)

where, fc is given by the sample frequency, and fr by the

reference frequency.

One advantage of the interleaved connections is the reduc-

tion of the current ripple. When PI controllers with modulation

techniques are implemented, it is possible to minimize the

ripple using phase shifted carriers. But the associated problem

is that increasing interleaving converters, also increase the

required carriers.

It is possible to aim a similar effect with FCS-MPC. Despite

of modulation techniques are not implemented, the switching

pulses are chosen in order to minimize the total input current

ripple. The cost function has the following structure.
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Fig. 5. Flow diagram for current and ripple control with fixed frequency
using FCS-MPC.

g3 = max[0, (iin(k)−
n∑

j=1

iLj(k + 2))2 −Ripple∗] (8)

The global cost function is represented as the following

equation.

g = λ1 · g1 + λ2 · g2 + λ3 · g3 (9)

The weight factors are chosen in order to escalate the errors

between the different variables and make them comparable.

The flow diagram of the proposed FCS-MPC is shown in

Fig. 5.

In Fig. 6 a) the current spectrum is shown. It is possible

to see the current harmonics around the fixed switched fre-

quency, and around the multiples of this frequency.

In Fig. 6 b) the input current in each converter is shown.

The shifted is made in order to obtain the minimum total input

current ripple.

D. Single-phase voltage oriented control

While the flyback converter is implemented in order to

achieve the desired dc-link voltage, H-bridge inverter topology

0
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Fig. 6. Input current results. a) Current spectrum under fixed frequency. b)
Input current in each converter.

is used in order to control the dc-link voltage, grid synchro-

nization and active/reactive power control. When the control

is focused in a three-phase grid connection, the dq reference

frame transformation is implemented, enabling the use of PI

controllers. Nevertheless, this transformation is not possible to

implement when the goal is the single-phase grid connection,

but the VOC is adapted by synchronizing the grid current

reference directly with the single-phase grid voltage [11].

The single-phase VOC scheme is shown in Fig. 4 c). The

voltage outer loop is controlled using a PI which compares

the error between the reference and the measured dc-link

voltage. Notice that the implemented notch filter is important

in the loop so that there is a strong second harmonic due

to the rectification. The output signal of the controller is the

active power reference P∗ and it is divided by the grid voltage

amplitude to obtain the grid current reference i∗s . The phase

is obtained with a PLL structure and, the advantage of this,

is to avoid the introduction of grid harmonics. The current

reference has a sinusoidal waveform, therefore a proportional

resonant (PR) controller is implemented. The output signal of

the controller is the grid filter inductor voltage reference v∗L.

The converter voltage reference V∗

C is obtained implementing

a feedforward compensation, and this signal is modulated

using a PWM strategy to obtain the gate drive signal for the

semiconductors.

V. SIMULATION RESULTS

In order to validate the configuration, a comparison was

made between the interleaved flyback converters connected

in parallel at the input and output and the proposed one. The

simulation parameters are shown in the Table I.

A. Interleaved input & Interleaved output ac-module config-

uration

The results are shown in Fig. 7. A solar irradiance change

is made at t = 1.0[s] in order to evaluate the dynamic

behavior. In Fig. 7 a) the input voltage vpv is shown. P&O
is the selected algorithm to do the MPPT, due to the ease
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TABLE I
SIMULATION PARAMETERS

Variable Parameter Value

Ppv PV module peak power 240 [W]
Vmpp PV voltage at maximum power point 29.5 [V]

Gstc Solar irradiance at STC 1000 [W/m2]
Tstc Temperature at STC 25 [oC]
Vs Grid voltage 220 [Vrms]
Ls Grid filter 10 [mH]
Ci Input capacitor 220 [µF ]
Co Dc-link capacitor 2200 [µF ]
f1sw Dc-Ac switching frequency 3 [KHz]
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Fig. 7. Interleaved input & Interleaved output connection. a) PV voltage.
b) Dc-side output voltage. c) Input current. d) Grid voltage and current. e)
Converter voltage.

implementation and good behavior when there are not rapidly

changes in solar irradiance variations.

Fig. 7 b) shows the dc-link voltage, due to the inverter dc-

ac stage, the required dc voltage is at least 20% more than

the grid voltage. Therefore, each one of the dc-dc converters

needs to elevate a high voltage ratio, it is directly associated

with losses. Moreover, the output capacitor must to be sized

for the whole voltage, increasing the converter size.

Fig. 7 c) shows the input current in each converter and

the total input current. The shifted between the currents are

highlighted.

Fig. 7 d) shows the voltage and grid current, the waveform

shows a sinusoidal feature with unity power factor, the inner

loop of the single-phase VOC is the responsible to achieve

this aim while the outer loop keeps the dc-link in the desired

level.

Fig. 7 e) shows the three levels in the voltage generated by

the converter.

B. Interleaved input & Series output ac-module configuration

The results are shown in Fig. 8. A solar irradiance change

is made at t = 1.0[s], as the same way that the evaluation

mentioned before, in order to evaluate the dynamic behavior.

In Fig. 8 a) the input voltage vpv is shown. Perturb and

observe (P&O) is the selected algorithm for performing the

MPPT.

Fig. 8 b) shows the dc-link voltage and the dc-voltage

generated per each cell. Due to the inverter dc-ac stage,

the required dc voltage is at least 20% more than the grid

voltage as mentioned before. The main difference with the

traditional ac-module configuration is that the output voltage

is divided by the number of cells. Therefore, the voltage ratio

elevation is lower, and depending of the cells number in series

connection, is possible to reduce it more. The advantage of

this configuration is that the output capacitors reduce their

size due to the low voltage, and the switching frequency in

the dc-dc converter could be controlled with the implemented

control strategy, in order to increase the frequency whereas

the size of the magnetic components is reduced.

Fig. 8 c) shows the input current in each converter and

the total input current. The shifted between the currents are

highlighted.

Fig. 8 d) shows the voltage and grid current, this waveform

is not different to the configuration shown before because of

the single-phase VOC works with the full power, which is

independent of the number of cells, and the control schemes

are isolated between them.

Fig. 8 e) shows the three levels in the voltage generated by

the converter.

C. Analysis of efficiency

In simulation process, generally the analysis is made using

ideal power electronic components, however, in order to

evaluate the efficiency between both connections, the model

of thermal losses is implemented in each semiconductor in

order to get the conduction and commutation losses.

To analyze the diode losses, the conduction and switching

losses are modeled using the following equations [12], and it

is implemented in the simulation.

Pcond = vd · iF (10)

Psw off
= Err · f (11)

where,

vd : diode voltage drop.

iF : diode forward current.

Err : reverse recovery energy losses.

f : switching frequency.

The losses are modeled depending on the specifications for

each component, therefore, it is possible to find other models

based on other devices information. To analyze the mosfet and

igbt’s losses, the model is made with the following equations.

Pcond = vce,ds · ic,d (12)

Pswon
= Eon · f (13)

Pswoff
= Eoff · f (14)

where,

vce,ds : collector-emitter/drain-source voltage.
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Fig. 8. Interleaved input & Series output connection. a) PV voltage. b) Dc-
side output voltage. c) Input current. d) Grid voltage and current. e) Converter
voltage.

ic,d : collector/drain current.

Eon : turn-on energy losses.

Eoff : turn-off energy losses.

The energy models depend on the required accuracy. The

implemented model is based on the turn-on and turn-off times

obtained from the component specifications, and a simple

model is presented in the following equations.

Eon = vce,ds · ic,d · ton (15)

Eoff = vce,ds · ic,d · toff (16)

The proposed models work with a specific temperature,

usually the standard test conditions are 25o[C], it depends

on the manufacturer information.

Fig. 9 shows the results at different irradiance level. The

losses are directly related with the voltage ratio elevation in

the dc-dc conversion stage, therefore, the interleaved input

and series output connection, of micro-dc converters for ac-

module configuration, shows a higher efficiency.

VI. CONCLUSIONS

Two different output connections of micro-dc converters

were evaluated in this work, and it was controlled using a

model predictive control algorithm. The traditional interleaved

connection presents a lower efficiency than the proposed

connection, which has a lower elevation ratio in the dc side.

However, the output series connection allows a higher dc

output voltage with a greater efficiency. Moreover, since the

predictive algorithm performs the current control, modulation

100
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88

0 0.2 0.4 0.6 0.8 1.0

Fig. 9. Converter efficiency at different irradiance level.

techniques are not required. In order to minimize the input

current ripple, a fixed frequency technique and a ripple control

are developed, which is necessary to improve the design of

the converter and reduce the magnetic components sizing.
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