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Abstract - This paper presents an approach for the connection of a photovoltaic
generator to the utility grid. A theoretical analysis, modelling, controlling and a
simulation of a grid comnected photovoltaic system using an output LCL filter are
described in detail. In order to reduce the complexity of the system, a linear voltage and
current controllers have been developed for a three phase grid connected inverter. Those
controllers simultaneously regulate the dc link voltage (the photovoltaic power is
delivered to the grid) and the current injected to the grid (to operate at unity power
factor). The simulation results show the proposed methods work properly. Moreover they
show that the control performance and dynamic behaviour of the inverter-LCL-grid
combination. Simulation results show that the output LCL filter installed at the inverter
output offer high harmonic attenuation.

Résumeé - Dans cet article, on s’intéresse a la connexion des générateurs photovoltaiques
sur le réseau électrique basse tension. Une étude théorique de modélisation, d’analyse et
de contréle de la connexion du générateur photovoltaique sur le réseau, moyennant un
filtre passif LCL, sera détaillée. En effet, pour réduire la complexité de la commande de
systeme, des régulateurs linéaires seront calculés pour le contréle du systeme
photovoltaique en mode connecté. Ces régulateurs permettent simultanément le control de
la tension aux bornes du bus continu (pour réaliser le transfert optimal de la puissance
photovoltaique vers le réseau) et du courant injecté par ['onduleur vers le réseau (pour
réduire le taux d’harmonique et assurer un facteur de puissance optimal). Les résultats de
simulation obtenus, montrent les bonnes performances de la méthode de contréle
calculée. En outre, ils montrent que le filtre, implanté entre l'onduleur et le réseau,
permet une bonne atténuation d’harmonique de courant générée par la commande MLI.
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1. INTRODUCTION

Renewable energy sources such as solar energy make increasing contributions to
electric utility networks. Those sources are commonly coupled to the grid through a
pulse width modulation inverter and filter [1]. Different output filter topologies are
commonly used to interface inverter to the network, namely the L and the LCL filter.
The use of the filter coupling the inverter to the grid reduces the high frequency
pollution of the grid that can disturb loads [2].

They provide to the grid a nearly sinusoidal line current waveforms and a low line
current distortion [3-5]. Of all filters used in the field of power electronic applications,
the LCL filter is currently the most frequently used topologies [6].
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The inductor L and the capacitor C are locally installed, while the output inductor
L includes both locally installed and line inductance. The reason for the popularity of
the filter type is that good attenuation is achieved with a relatively small component
values. Then, the higher harmonic attenuation permits the use of a lower switching
frequency to obtain harmonic limits, increasing efficiency and reasonable costs [7].

This paper presents a modelling and control procedure for a dc link-inverter-LCL
filter-utility network combination. PI based controls for the dc voltage and for the ac
current have been adopted. The current controllers have been designed in rotating frame
[8].

This paper is organized as follows. Section 2 presents a description of the system.
Section 3 presents the elementary models of the dc link voltage, the three phase voltage
source inverter (VSI) and the output LCL filter. Modelling of the filter was made using
the d—q transformation. Section 4 describes the approach of the voltage and the
current controllers. Finally, section 5 presents the simulation results.

2. DESCRIPTION OF THE SYSTEM

A three phase voltage source inverter and its controller are shown in Fig. 1. The
system is composed of three phase voltage inverter connected to the grid through an
output LCL filter.

The input to the inverter is mimicked by a current source which is represented by a
photovoltaic generator (PVG) and a dc—dc converter associated with the maximal
power point tracking (MPPT) command [9].

Here, the control of dc—dc converter is not covered. The inverter which is the key
element of the system is connected to the ac mains through L-C-L combination.
Inductor L, in Fig. 1 represents the inductance from both the output filter and the
distribution line.
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Fig. 1: Block diagram of three phase grid connected inverter and its control
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3. MODELLING OF THE SYSTEM

3.1 DC link voltage

Generally, the dc link voltage oscillates between two levels depending on the
operating climatic conditions, i.e. ambient temperature and solar radiance. The voltage
ripple was minimized by employing relatively large dc link capacitor.

The dc bus voltage is governed by the following equation:

dVqc 1 . .
—4C = (ige —1i 1
it Cdc(dc e) (1)

3.2 Three-phase inverter

An average model for the three phase voltage inverter is presented in [10]. This
model describes the relation between dc side and ac side including the connexion
functions (fj1, fjo, fi3). This model is adapted to the application studied here. Then,

the inverter is considered as a double modulator of variable states. Voltage uj, and
up 3 are the modulations of dc link voltage ( V. ) and the input inverter current i, is a

modulation of the output currents ij1 and ij5. They can be described as follow [10].

lie ] = [(fi1 - f13) (f12 —fi3)]x 1 ()
ip)

up2 fi; - f
( ]=(“ 13JXVdc 3)
ui3 fi2 —fi3
fi1, fip, fi3 are the connection functions between the dc side and ac side
variables. They have a binary value (0, 1).

3.3 Output LCL filter

Assuming that the impedance of the three phase system corresponding to figure are
balanced, the equations governing the three phase voltage and current are:

diy:

] .

Limp = Vi —Rulyj = vy “)
dvg; . .

Cr—gp ~ i~ 12 ®)
dip; .

de—tJ = V2j — Raipj — vy (6)

where: j is the phase number equal to {1, 2 and 3}.

The three phase vectors in (4), (5) and (6) can be replaced by complex vectors by
applying the amplitude invariant Clarke transformation and assuming no zero sequence.



74 N. Hamrouni et al.

X X
0‘_ 0\/5\/5 l 7
L @
X0 1o 1] s

NN

are:

o Lo
q ijap 11 1 . Hop L; Vinvap
—| Veap |=| = 0 ——|X| Veap |+| O 0 |x ()
dt| . C C ) 1 Vea
1 f f 1 0 g ﬁ
2p) | ) 1 Ry \izep T
Lo Ly

Let’s consider the model developed in a general frame that rotates at w angular
speed. In that frame six equations can be written according to (9-14).

Transformation of the state description in stationary coordinate o —f into the

synchronously rotating reference d—q frame is obtained by subtraction of the angle
difference as described in figure 2.
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Fig. 2: Relationship between o —f3 and d —q frame

The real valued state space description of the output LCL filter model is obtained by
separating the vector equations in their real and imaginary parts. Assuming R; and R

are different to zero, the complex d —q frame differential equations are then given by:

diyg Ry . . 1 1
— = ——1g t Wljg + —Vid — —V 9
it L 1d 1q L 1d L cd )
dilq R4 1

. . 1
= ——=1]g — Wi}y + —V]g — —V 10
dt L 1q 1d L 1q L cd (10)
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d:;_:d = WVeq + CLfild - CLficd an
d;’% = —Wveq + CLfilq - C—lficq (12)
d(ii_ztd - —i—jim T+ wigg + levgd - Ll—zvcd (13)
d(iith = —i—jizq —Wiyg + i"gq - LLZch (14)

The complex valued state description in d —q frame indicates that the behaviour of
the output LCL filter is dependent on the rotation direction of the vectors.
There are three reactive elements L;, C¢ and L, and this yields a third order

system. The inputs are the inverter voltage (' Viqq) and the grid voltage (Vgqq). The
state and the output variables of the system are the currents through Lj(ijqq) and Lj
(iqu) as well as the capacitor voltage ( Vedq)-

4. CONTROL OF THE SYSTEM

The overall control structure consists of a DC link voltage controller and a line
current controller, refer to figure 1. To supply a line current with low distortion the
connection to the grid is made via an ac filter witch consists of L-C-L combination. The
line current controller consists of a model based cascade controller.

The cascade controller is composed of an outer current controller for the network
line current, i.e. current i, an intermediate voltage controller for the filter capacitor

voltage and an inner current control loop for the inverter current ijj. The cascade

configuration enables the use of proportional or proportional-integral controllers.

4.1 DC link voltage control

The purpose of the DC link voltage controller is to preserve the DC-link voltage at
its reference value (vq. *) and to provide the reference current (i * ). This controller

achieved the transfer of the active power flow, drawn from the photovoltaic generator,
to the utility network.

|ide

ie 1 Vdc
B kpde + kide /s Gie(s) —» >
* CdC S

Vdc

Fig. 3: DC-link voltage regulator
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The block diagram representation of the DC-link voltage control loop is shown in
Fig. 3. The DC-link voltage controller is designed in the continuous time domain. It
consists of P-I controller where the integral part reduces the steady state error of the
DC- link voltage.

The dc bus transfer function in the continuous time domain is as follow:

Ggc(s) = 15
de(s) 5.Coe (15)
The transfer function of the P-I controller is given by:
k.
PI = kpge + —d (16)

s
where, kpdc and kj4. are respectively proportional and integral gains. The current
sourced into the dc bus is denoted by i4.. The dc bus capacitance is denoted by Cy..

We can equalize the transfer function between the current i, and its reference to a
first order function.

Gie(s) = ——— (17)

In general the current tuning dynamics is very higher than the voltage, so it is
possible to consider it as infinite for the synthesis of the corrector. The input reference
active power injected to the electrical supply network is given by:

Pac™ = 1j ™ x Vgc (18)

The active power injected to the grid is
Pg* = Pdc*_Z(Pdc—ac»PLCL) (19)
where, Pq._ac is the loss power which due to the conduction and commutation of the

IGBT, whereas P cr is the instantaneous power absorbed by the filter resistors.

To achieve steady state operation the supplied dc power of the PVG and the ac
power fed into the grid must be balanced. The dc voltage controller gives the set point
of the ac power. Assuming, in this paper, that there is no power losses in the inverter
and the LCL filter. Then, we can consider:

Py * ~ Pyc* (20)
If only active power is to be injected in the grid:
Qg =0 21

Network reference currents, expressed in d —q frame, are given by the following
relation [10]:
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4.2 Grid side current Controller

Fig. 4 shows the grid side current controller block diagram including all feed back
and feed forward terms. The input of the current controller is split into two terms; the
reference input (iqu*) and the feedback input (iqu). Output current inverter is

achieved with standard P-I controllers. The corresponding state equations are [8]:
Aipg = ing* —ing (23)
Aizq = iZq *— i2q (24)

The complex d —q frame differential equations (13) and (14) became:

d . . . d, ..
Ly a(lzd *)+ Rpipg —olyizg + vgd —Ved = L2 E(Aud) (25)
d . . . d, .
LZ a(lzq ) + Rz 12q + 0)L2 124 + ng - ch = Lza(Alzqd) (26)
where
" d . . .
ved®* = Lo a(lzd )+ Rpipg —oLyipg + vgg (27)
Veg ¥ =L i(i *)+ Roipg + ®Loing + Vv (28)
cq ~— -2 dt 2q 212q 212d gq

The variation between the reference voltage veqq* and the measured veqq

produces an error on the current injected into the network. According to (27) and (28),
the voltage v¢qq * is composed of two terms.

The first term represents the network voltage Vadq which is directly measurable,
whereas the second term represents the voltage drop of the equivalent impedance when
it is crossed by a current ipqq -

According to [11], terms (27) and (28) must be elaborated by current controllers
given by Fig. 4.

4.3 Voltage controller

Fig. 5 shows the voltage controller bloc diagram. It includes feed back and feed
forward terms. The capacitor voltage control is makes with a P-I controller. The
corresponding state equations are:

Aved ™ = Veq ™ — ved 29

AVeq™ = Veq® — Veq (30)
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Fig. 4: Grid side current controller

The complex d —q frame differential equation (11) and (12) became:

dveg * . . d
Cr dctd - Croveq +izq —1ig = Cr E(AVcd) @31
chq * . . d
Cs it + Croveq + iyg —1iq = Ct E(Ach) (32)
where:
%
ilg* = Cr dvdctd — Croveq + g (33)
. chq * .
iiq * = Cr 1t + Crmveg +1ipq (34)

The variation between the reference voltage ijqq * and the measured ijqq produces
an error on the capacitor voltage. According to the (33) and (34), the current ildq * is
composed of two terms.

The first term represents the network current ijqq which is directly measurable,

whereas the second term represents the current crossed the capacitor when it is feed by a
voltage Vedq - Terms (33) and (34) must be elaborated by voltage controllers shown in

Fig. 5.

4.4 Inverter Side Current controller
The side inverter current controller is shown by figure 1. Inductor current controller
is achieved with a P-I corrector. The corresponding state equations are:

g™ — 14 (35)

Aiyg = ijq* — g (36)

Alg
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Fig. 5: Voltage controller

The complex d —q frame differential equations (9) and (10) became:

d . . . d .
Lla(lld *)+ Ryilg —oLjilg +ved —Vid = Lla(Aud) (37)
d ., . . d ..
Lla(llq ) + R] 12q + (DLl 114 + ch - qu = Lla(AIIq) (38)
where:
d . . .
vig* = Lla(lld *) + Rpig —oLjig + ved (39)
d . . .
Vigq * = Lla(llq *) + Rl llq + O)Ll 114 + Veq (40)

Ry Ved

Via*

kpy +kiy /s

-wLj

wLp

kpy; + kip/s

—’ Ry

Fig. 6: Inverter side current controller
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The variation between the reference voltage viqq* and the measured vigq

produces an error on the current supplied by the inverter. According to (40) and (41),
the voltage viqq is composed of two terms. T

he first term represents the capacitor voltage Vedq which is directly measurable,

whereas the second term represents the voltage drop of the filter impedance when it is
crossed by a current ildq- Terms (40) and (41) must be elaborated by current controllers

according to Fig. 6.

5. SIMULATION OF THE SYSTEM

The rated RMS voltage is 380 V and the rated power of the PVG is about 2,5 kWp
(calculated in standard climatic conditions: 1000 W/m? and 25 °C). The modulation
strategy adopted is the symmetrical PWM. The DC voltage reference is 550 V.

The salient parameters for the system are shown in Table 1. The controller
parameters (Table 2) were chosen to minimize both the time response and the steady
state error and to maintain the stability of the system.

Fig. 7 shows the measured and reference capacitor voltages in the rotating reference
frame. Both d and q capacitor voltage are closely regulated through the action of the

voltage control loops.

The inverter and grid currents obtained with LCL filter, at rated condition in
simulation are reported in Fig. 8. The q axis currents ijq and ipq follow their

respective deadbeat references ijq * and ipq *.

Fig. 9 shows the output inverter current. There is a big harmonic around the
switching frequency on the inverter side is 2A g -

Table 1: System parameters

Parameter va va va Cdec Ly Ry Ct Ly R
Value SmF 249mH 0.5Q 9mF 19mH 0.5Q 10pF 20mH 0.5Q

Fig. 7: d components and q components of the capacitor
voltages of the filter LCL (measures and references)
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Fig. 8: q components of the output currents of the inverter
and the LCL filter (measures and references)

Fig. 9: Output current of the inverter

Fig. 10 presents the dc side voltage. It can be seen that the dc measured voltage
follow instantaneously its deadbeat references voltage vq. *. In steady state the dc bus
voltage is stabilized at 549 V with an error equal to 0.1 %. Fig. 11 and 12 present

respectively the active and reactive power fed into the grid, when the PVG is delivering
2600 W.

The oscillation in the power waveforms is due to the existence of some harmonics in
output line current supplied by the LCL filter. Then design of the LCL filter must be
investigated.

Fig. 13 shows the dc side voltage and current with the input voltage vg =220 V.

As it might be noticed in this figure, there isn’t a phase leading/lagging between grid
side line current and voltage. They are in phase and sinusoidal. As a result, a unit power
factor is achieved. The THD of the current is very low ( <2 %).

Table 2: System parameters

Parameter  kjo kp2 kic Kpe ki kp1 Kide Kpde
Value 0.003 10 0.002 0.05 0.002 50 0.001 0.0001
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Fig. 10: DC link voltage (measure and reference)

Fig. 11: Active power injected to the grid (measure and reference)

Fig. 12: Reactive power injected to the grid (measure and reference)

Fig. 13: Phase-voltage and (.*50) phase-current of the grid
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6. CONCLUSION

In the paper both the modelling and control of a three phase inverter employing an
LCL filter used to reduce the switching frequency ripple injected to the grid is
investigated.

The goal of the paper is to provide a control procedure for the inverter-LCL-grid
combination and study the performance and the dynamic of linear controllers calculated
to control the dc link voltage and the output inverter current.

The modelling and control have been tested with simulation. Stability and high
dynamic are obtained, and moreover all results have been obtained using a simple
control method but more sensors.

NOMENCLATURE

VSI : Voltage source inverter

MLI'PWM : Pulse width modulation
MPPT: Maximal point tracking power

Q g: Reactive power injected to the grid
(VAR)
A v : Variation between the reference and the
measured voltage (V)
f11.f12, f13: Connections functions
up,up : Inverter output voltage (A )
Ty - Time constant of the dc link voltage

regulator
111,112 : Inverter output current (A )

L; : Inductor side the grid (H )
Ry : resistor of the inductor side the grid (Q)

L5 : Inductor side the inverter (H )
R 2 : resistor of the inductor side the inverter

Q)
Cs : Capacitor of the filter (F )

C{c: Capacitor of the dc link voltage (F)

Pgc—ac : Loss power which due to the

conduction and commutation of the
IGBT (W)

Pr 1, : Instantaneous power absorbed by the
filter resistor (W)

Pg : Active power injected to the grid (W)

1 : Inverter input current (A )

VgQanq : Components of the grid voltage in

dq frame (V)
A1 : Variation between the reference and the
measured current ( A )
PVG : Photovoltaic generator
V{c: DC link voltage (V')
kpdci Gain of the dc link voltage regulator

ki qc: Integral part of the dc link voltage
regulator
kpc : Gain of the capacitor voltage regulator

kj : Integral part of the capacitor voltage
capacitor
k pl: Gain of the current regulator side the

inverter
k;1 : Integral part of the current side the
inverter
kp2 : Gain of the current regulator side the
grid
k> : Integral part of the current regulator side
the grid
 : Pulsation of the grid voltage ( rd/s)
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