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Abstract—This paper presents a brief behavior description of
LCL filters through the analysis of its frequency reponse and
the convenience of its use instead L filters. More®r, the
equations that allow its design and implementationare also
described. Regarding the Proportional Resonant (PR)
controllers, their behavior, discretization techniques and digital
implementation are also studies. The developed sysis are
evaluated by mathematical model simulation and expenental
prototype test. It is concluded that, for invertersoperating as a
current source, the PR controllers are suitable tofollow a
sinusoidal reference signal. On the other hand, LCltype filter
largely eliminates the harmonic content of the outpt current,
making it compatible for Grid-Connected PV micro-inverters.

Keywords—solar energy; grid-connected inverter; posponal
resonant controller

I.  INTRODUCTION

The growing worldwide energy demand along with disen
to reduce fossil resources exploiting has drivenewable

energy sources development. Among them, solar gner

photovoltaic conversion technology (PV) had a highde of
development in last decades [1].

zero steady-state error and a low disturbance tiefec
capability. On the other hand, a Proportional Ragbr{PR)
controller presents an infinite gain at the selatesonant
frequency; therefore, zero steady-state error @madhieved
[4].

This paper presents the design and implementatioa o
LCL filter and a comparison with other filters comnty used
in grid-connected PV micro-inverters. The design PR
controllers and digital implementations are studiéhe
performance of the complete system is evaluatedugr
simulations and experimental prototype test. Thatqtype is
the first grid-connected PV micro-inverter carriedt in the
North of Argentina.

[I. GRID-CONNECTEDPYV MICRO-INVERTER OVERVIEW

Figure 1 shows the typical topology of a two-stapgie-
connected PV micro-inverter. The boost DC-DC cotarestep
up the voltage of the PV module to a suitable Ideelnext
stage. The DC-AC inverter, normally composed by Hn

gbridge, produces a proper sinusoidal current coivlpatvith

the grid. The LCL output filter attenuates harmsnyenerated
from the inverter output and a digital controllersares unit-

In Grid-Connected PV Systems all generated enengst m power-factor operation.

be injected into a utility grid by an inverter, va®ofunction is
to adapt and transfer PV power. Pulse-Width-Modurtat
(PWM) techniques are commonly used to control fesqgy

and phase of injected current into a grid, howegenerate
unwanted harmonics. Therefore, the output filtethefinverter
fulfills fundamental function in harmonics suppriess The

LCL filter topology is generally preferred insteddor LC

filters because of it great harmonics suppressiapaloility.

Nevertheless, the LCL filter presents a resonarak pihat
affects the system stability and control schemégdesf grid-

connected inverter must take that behavior intosictamation
[2].

According to IEC 61727 Standard [3], the total hani
distortion (THD) of current injected into the gritust be
within the limits. Proportional Integral (Pl) cooliers are
commonly used in current sources inverters; howeter
solution has drawbacks: unable to track sinusdgdals with
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Fig. 1. Two-stage grid-tie PV system with LCL filter typidapology

I1l. OUTPUTFILTER ANALYSIS

The output filter is essentially an impedance aglapt
making it possible to connect the inverter outpuatgrid and
filtering the harmonic content produced by the niation
technique.



A. Frequency response

According to Fig. 1 the Laplace transfer functiohtloe
LCL filter is given by (1) in term of grid curre@nd inverter
output voltage [5].
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Where,L; andL, are the inverter-side and grid-side output

inductor, respectively. The internal resistandgsandR, are
neglected. In order to avoid stability problems aniping
Resistance (DR) can be added in series with cagpaCitto
mitigate resonance peak, (2) represents this case.
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Figure 2 compares the Bode diagram of (1) and (2).

Frequency response of an L filter is showed too.|dw
frequency LCL and L filters has a similar dynangsponse. In
high frequency range, LCL filter presents a higatenuation
than the L filter. The main drawback of LCL filtewgthout a
DR is the resonance peak at resonant frequency. DRe
reduces that peak, but at higher frequencies presess
attenuation and generates power losses.
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Fig. 2. LCL and L filters Bode diagrams.

B. Systematic filter design

This section presents general considerations fdr fil@rs
design. A more detailed analysis can be found in The
following parameters must be defined: RMS voltageeiter
output E,), rated active powerP(), DC-Link voltage Vpc),
grid frequencyfg) and switching frequencysy).

The base impedance is given by (3) and can bepietied
as the output impedance that the inverter sedbelsame way
(4) defines the base capacitance.

E:
Z, = Fn 3)

1 4)

w,Z,

C, =

For filter capacitance C, as general rule, the mar

power factor variation seen by the grid must nateexi 5%,
thus:

C = 005C, (5)

The inverter-side inductot,; can be calculated by (6).

Where, 4l max is the maximum current ripple at the output of
DC/AC inverter. A conservative value for this paser can
be 20% of the rated output current.

Ll = VDC
6 fswAI L max

The grid-side inductor is determined taking into@amt the

(6)

desired harmonic attenuation. Then, the value Lef is
expressed as a proportionlaf

L, =1L, (")

Finally, all filter components should verify thahet
resonance frequency is within a range given by (8).

w = ktl
resonancia |-1 |_2 C

10f, < f <05f,,
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IV. CONTROL SCHEME

The control scheme of a micro-inverter is composéd
several sub-systems that interact with each offlee. MPPT
algorithm is responsible for polarizing the PV miedat its
maximum power point. Furthermore, a PLL algorithm
guarantees unitary power factor. Papers in theatitee present
different MPPT [7] and PLL algorithms [8].

On the other hand, sinusoidal current referenceades
special controller topology. The classic Pl com¢rolhas a
quick step response and zero steady-state errois boable to
track sinusoidal reference signals. Instead, thecBRroller
has an infinite gain at the resonant frequency elidinates
steady-state error at that frequency [9].

A. PR Controller Frequency Response

The Laplace transfer function of an ideal PR cdleras
given by (9).



Hen(s) = K, + ot

p SZ+a€

Where K;, is the proportional gaing, is the resonance
frequency andK; is the gain atwg. Figure 3 shows the Bode
diagram for (9).

9)

To avoid stability problems associated with anniité gain,
the non-ideal PR controller given by (10) is preddrinstead

(9).

- 2K, tppcS
Hon(s)= Ko S* + 2000 S+

(10)

Where, wpr. controls the bandwidth around the resonance

frequency. The aim of this improvement is redueeitiiluence
of the grid fundamental frequency variation.

Figure 4 shows the Bode diagram of the non-ideal PR

controller with a parametric variation if, andK,. TheK, term

mainly determines the controller dynamics, whil&,

determines the amplitude of the gain at a selemednance
frequency.
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Fig. 3. Bode diagram of an ideal PR controller

B. Digital Implementation

The transfer function given in (9) is in the conths time-
domain and must be converted to discrete time-donfai
digital implementation (microcontroller or microqmessor).

The resonant term of (9) is also referred as secoddr
generalized integrator.

R(s) (12)

-_ S
s+

A method to implement (11) in the discrete time-dom
consists in discretizing the continuous transfecfion by one
of the techniques proposed in [10]. The most coniynased
technique is the Tustin with frequency prewarpifibe result
of applying this technique to (11) is show in (12).

1-z72
1-2z"codwyT,)+ 22

R, (2)= sin(ayT, )

20, (12

It is important to be aware that discretizationgass itself
produces displacements in the original locatiorpoles and
zeros. Furthermore, this effect will depend ondtseretization
technique used. This study is beyond the scopdisfpaper,
but a detailed analysis can be found in [11].

Finally, (13) shows the difference equation form thé
second order generalized integrator. This equaditows to
carry out an algorithm that implements the PR aileir.
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Fig. 4. Bode diagram of a non-ideal PR controller. (g)=KL; (b) K = 1.

Phase (degq)

u, (k) =k [e(k -1) - e(k - 2)] - a,u(k -1) - u(k - 2) (13)

Wherea, is given by (14) and; is the sampling period.

a, =2codT,) (14)

V. SYSTEM SETUP

Table | shows the parameters for LCL filter desemd
Table Il lists the values obtained for the filtewsngponents
using the equations described in Section IV.



TABLE . DESIGN PARAMETERS FORLCL FILTER

Symbol Parameter Value
E, RMS voltage inverter output 220V
Pn Rated active power 400 W
Vbc DC-Link voltage 450 V
fq Grid frequency 50 Hz
fow Switching frequency 28 kHz
TABLE II. LCL FILTER. COMPONENT VALUES
Symbol Parameter Value
Ly Inverter-side inductor 1.2 mH
L, Grid-side inductor 86QH
C Filter capacitor 1.2F
fresonancia Resonance frequency 6.5 kHz

The PR controller was designed using MATLAB and
frequency

discretized using the Tustin method with
prewarping. The controller parameters are showiraivle IIl.

TABLE III. PARAMETERS OF THEPRCONTROLLER
Symbol Parameter Value
Ko Proportional gain 0.2
K, Resonant gain 10
¢ Bandwidth 6
Ts Sampling period 81.2ps

A. Mathematical model simulation

Simulation model was carried out using PSIM. Figére
show a full bridge topology with four MOSFET. Thesigned
LCL filter is presented with internal resistancer feach
inductor and the damping resistance for capac€itofhe grid
was modeled by constant voltage source and griédiaupce.

The switching scheme consists of sinusoidal
(SPWM) modulation with unipolar voltage switchinghe
algorithm of PR controller was implemented in adilmf C
code. Both blocks are omitted in Fig. 5. The grisswnodeled
through an ideal AC source in series with impedaficeNo
isolation transformer was used in simulation scheme
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Fig. 5. Simulation scheme

B. Experimental prototype
For design validation of the LCL filter and PR cwtier, a
first micro-inverter prototype was made (Fig. 6).

The control strategy and PLL algorithm was impletadn
in 32-bits, floating point microcontroller TM4C128{from

Texas Instrument. Moreover, the SPWM modulation was ° -
same value (1.8 A). Figure 8 shows experimentakf@ams of

grid voltage and injected current. As can be s#wre is no
phase error noted between grid current and voltBlge.power
factor obtained was equal to 0.98.

generated analogically and the injected currenméasured
through a Hall-effect sensor.

PWM

On the other hand, the coupling with the grid wasied
out through an isolation transformer (not showfim 6).

The experimental measurement of grid voltage amceot
was made using a Fluke differential oscilloscopedeh 190-
104, on the isolation transformer primary-side.oAlthe data
was acquired with the same equipment and analyzedigh
MATLAB.

Fig. 6. Laboratory scale prototype.

The system performance was evaluated taking irtoust
the controller capability to track a sinusoidalereice signal
and the phase error produced. Furthermore, theitaigplof
the more relevant harmonics and the THD of theciep
current was analyzed and compared with the IEC $172
standard limits. The evaluations were carried cutbbth
mathematical simulation model and experimentalqtypie.

VI. SIMULATION AND EXPERIMENTAL RESULTS

Figure 7 shows reference and grid injected cursa@mals
obtained through simulations. The reference cuvert set at
1.8 A RMS. It can be observed that the harmonic¢ezdris low
and the THD of the injected current is lower th&b.3The

power factor obtained was equal to 0.99.
— reference current
| — injected current
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Fig. 7. Simulation results. Reference current and injectedent to the grid.

In the experimental prototype reference current setsat
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