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Abstract: This paper presents a comparison of the results obtained from the integration of the photovoltaic system to the electrical grid

through the Active Power Filter. The innovative aspect of this article consists of the elaboration of 4 models in Matlab/Simulink for 4

methods of control of the Active Power Filter introduced between the photovoltaic system and the alternating current grid and the

highlighting of the performances obtained regarding the quality and quantity of electricity transferred for each control method in part.

Following the analysis of the results, it was found that by using the Indirect Control (CI) method of the Active Power Filter, the best

results are obtained THDu = 3.24%, THDi = 2.46% if the photovoltaic system produces a larger amount of energy than the nonlinear

load, and by using the methods of control of the Active Power Filter Synchronous Reference Frame (DQ) and Instantaneous Power (PQ)
the best results are obtained: THDu = 3.22%, THDi = 5.26% for the method (DQ) and THDu = 3.41%, THDi = 5.17% for the method

(PQ) if the photovoltaic system produces a smaller amount of energy than the nonlinear load.

Key words: Photovoltaic system, active power filter, the power quality.

1. Introduction energy into the electrical grid were presented while

. ) . ) reducing the harmonic level of voltage and current.
Due to the recent increase in the integration of the ) ) ] o
) ) ) In this paper the results obtained by simulating in
renewable energy system in electrical grids, the o .
) T ) . Matlab/Simulink were compared in the case of
security and stability of the operation of the electric ) . ) ) )
) ] integration of a photovoltaic system in an alternating
power supply system is affected [1]. At the same time, . ; .
. L . current grid through an Active Power Filter. The
the electric power quality is also influenced by . .
. i extraction of the maximum power from the
nonlinear loads. These nonlinear tasks generate . ) )
. . . . photovoltaic panels is performed with the MPPT
harmonic currents that interact with the impedance of ) ]
. ) algorithm “Perturb and Observe”. The architecture of
the grid causes harmonic voltages that affect all ] ) . . ]
. the Active Power Filter of the inverter is structured in 3
consumers connected to the same Common Coupling . .
) ) . levels. The control of the Active Power Filter
Point (CCP) [2]. The integration of renewable energy . .
] ) ] T i introduced between the photovoltaic system and the
in the electrical grid taking into account the electric ] o
. . . alternating current grid is performed by the methods:
power quality can be achieved through Active Power .
. ; . - Indirect Control (CI), Synchronous Reference Frame
Filters supplied on the direct current side by renewable »
(DQ), Instantaneous power (PQ) and Positive

Sequence Method (MSP).
For the 4 control methods of the Active Power Filter

energy systems. These systems were studied in the
paper [3-9] where the results of the injected renewable

Corresponding author: Alexandru Dusa, Ph.D. student, mentioned above, two distinct cases were analyzed for

research fields: energy. the photovoltaic system connected to the grid, namely:
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* The power of the photovoltaic system is higher
than the nonlinear load and the excess energy is
injected into the grid;

* The power of the photovoltaic system is less than
the nonlinear load, and the energy difference is
completed by the grid.

The innovative aspect of this article consists of the
elaboration of 4 models in Matlab/Simulink for 4
methods of control of the Active Power Filter introduced
between the photovoltaic system and the alternating
current grid and highlighting the performances
obtained regarding the quality and quantity of
electricity transferred for each control method in part.

2. System Configuration

Fig. 1 presents the block diagram of the proposed
system. This diagram allows the injection of power
from the grid photovoltaic system, the supply of
non-linear load from the grid and the photovoltaic
and the

system, the attenuation of harmonics

improvement of the power factor.
2.1 Boost Converter

The boost converter allows the extraction of the
maximum power from the photovoltaic panels using
the P&O algorithm and the raising of the output voltage
to the voltage level on the capacitor of the Active
Power Filter. The block diagram of the boost converter
is presented in Fig. 2. For designing this type of
converter, it is necessary to know the following values
[10, 11]: minimum input voltage Uiy min = 345.4 V,

output voltage U, = 750 V, intensity of the load
current I, = 9.25 A, switching frequency F, =25 kHz,
power P = 7,300 W, effectiveness # = 95%.

For the design of the boost converter and the
determination of the duty cycle or used calculation

formulas:

D= 1_M %
out

The output current /,,, is calculated with the relation:
P

I =
out u

out
The value of the input current /;, is determined with
the relation:

P

Iin
u

1n

The value of the input current 7;, is equal to the
current rate in the coil 41.. The ripple current of the
inductance L will be equal to 10% of the input current
Iin:

Al =1 -10%
The inductance L is calculated through the relation:
- u. -bD
Al -F,

sw

The value of the ripple voltage AU, will be equal to
1% of the value of the output voltage U,y

Auoul = uout ’ 1%

The calculation of the output capacity is performed

with the relation:

PV Boost 3 level IGBT
convertor C module L CcCP
= cc Grid
? T a1y
cc ca
Vol |lpv TPWM PWM No;ﬂit:’enr
Control oa
N . MPPT Active Power
Filter

Fig. 1 Block diagram of the system.
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This method consists of periodically changing the
voltage of the photovoltaic panels and measuring the

PV L -
[ [ [ -“ CYTYT Y Y
power. When the power obtained increases with the

change of voltage in a certain direction, this direction is

‘ L L
R ‘ >
EEEE IGBT (& C SR
L] i T < maintained at the next iteration. If the power obtained
! f [ / . . . . .
——— I is lower than the previous value, the search direction is
changed.
Fig.2 Boost converter.
2.3 Active Power Filter Control

2.3.1 Indirect Control (CI)
This strategy does not require knowledge of the

spectrum of electric current absorbed by the nonlinear

Iout )
F AU, ,

sw

The load resistance is calculated by the relation:
R_UM load [11, 13].
I isa(t):ica(t)ﬂfa(t)

out

The electric current absorbed by the nonlinear load

2.2 Maximum Power Point Tracking Algorithm s
ia(t)=ita(t)+ ia, (t)+ia (t)
k

The extraction of the maximum power from the
Cc

photovoltaic panels is done with the help of the Perturb
where:

and Observe algorithm (Fig. 3) [11, 12].
iga(t) —fundamental active component of load

current;
Zicak (t ) —harmonics sum of load current;
k

/ Masurare Vpv, Ipv /

P=Vpv* Ipv
dP=P- Pold The electric current through the Active Power Filter
dV =V -Vold _

is:

Da @ Nu
where:

ila(t) —fundamental active component of APF

@ @ f
Da Nu Da Nu
current;

icaq (t)—reactive component of load current.

ia(t)= i}a(t)+ ffa(t)

D=an Dl Dol Dern lea ( t) —harmonics sum of APF current.
vV v v v | .
The electric current absorbed by the grid must be
‘ sinusoidal and must have the same phase as the voltage.
The component to be compensated by the Active

Fig.3 Diagram of the Perturb and Observe algorithm. Power Filter is given by:
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i(t)=t.a(t)+ D ia (t)+ia,(t)
k k
From the above formulas we obtain:

1

fu+f

i =i

sa La +1

The signal is generated for the charging input of the
current regulator of phase a of the power supply:

- v,
1 (t) =&nc \/EV =

where: V is the effective value of the phase voltage of
the grid and ¢ _ the output of the DC voltage regulator.

Epc SINWt

The above charge is compared with the measured
value of the electric current absorbed from the i, grid,
resulting for the control of the Active Power Filter:

. _ I _ AT .1
L= k(la —zsa) = k(za —i —zca—zfa)

where: k is the amplifier of the regulator.
The regulator is linear, the sinusoidal components of
the load and the Active Power Filter are found, in the

sinusoidal imposition of the regulator:
A | .1
1,=1.4 +1 fﬂ

This remark results in the imposition of the Active

Power Filter:

irefa:—kf:—k(;fa(t)+;icak(t)+icaq(t)j

proportional to the polluting component. If it is
correctly designed in steady state, the controller
cancels the steady state error:

ffa(t)=—(Zk:icak(t)+icaq(t)j

‘ Ju b
R A

Fig. 5 presents the block diagram of the Active Power

e s

so, the Active Power Filter will generate the polluting
component itself necessary for the nonlinear load.

The assessment ¢ from the regulator for charging
capacitor C is converted to current reference, as
follows:

1 =é€pc-sinwt
I, =¢&pc -sm(a)t - 2n/3)

i = Epc -sin(a)t - 4n/3)

c

Sinusoidal signal in phase with fundamental is
obtained with Phase-Locked Loop (PLL), which
allows the synchronization of the compensation signal
and the voltage of the power supply system.

Fig. 4 presents the control diagram of the Active
Power Filter using the Indirect Control method.

2.3.2 Synchronous Reference Frame (DQ)

This method obtains the reference currents starting
load
compensation currents are not affected by disturbances

from the nonlinear currents where the

and voltage imbalance at the source. This method
converts the real currents into the synchronous

reference frame (dq). This transformation is defined by

Refs. [14, 15]:
ia| |cos(wt) sin(wt) | ia
iq - sin(wt) cos(wt) | |ig

The terms d and g are composed of a DC component
and a plurality of alternative components:

id = idCC + idac
iq = iqcc + iquc

The reference signs expressed in the real plan a-b-c:

-1 0 0 io
0 cos(wt) —sin(@t) || iy
0 sin(wt) cos(wt) | |ig

Filter control by the Synchronous Reference Frame (dq).
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Fig. 4 Indirect control: (a) Block diagram; (b) Matlab/Simulink diagram.

2.3.3 Instantaneous Power (PQ)

This method is based on the transformation Clark of
the reference system abc into the reference system of
and the calculation of the instantaneous powers p and
respectively ¢g. Three-phase current and voltage are
transformed into aff coordinates using the equation [16,
17]:

; - -
{Va CR2[1o-y2 -2 VZ
Bl N3 |0 3/2 —3/2] Ve
. g e el

— — . l,
iB] N3 [0 3/2 —3/2] s

After Clarke’s transformation of current and voltage,

it is followed by the instantaneous determination of

power. Real power and reactive powers are calculated

with:
p=p+p| | Va VB||i«a
g=7+q| |-VB Va||ip

The expression of currents as a function of

instantaneous powers in the a-§ plane is given by:

ia] 1 va Vg|' [-P
i8] Va+VE | VB Va| |-Q

To calculate the reference signal, the harmonic

currents in the tick system will be transformed by the

H

Clarke inverse transformation:

i 1 0
ia
! 2

i b =\E ~1/2 32
by € -2 —3/2
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Fig. 5 Synchronous reference frame: (a) Block diagram; (b) Matlab/Simulink diagram.

Fig. 6 presents the block diagram of the Active
Power Filter control by the Instantaneous power (PQ)
method.

2.3.4 Positive Sequence Method (MSP)

This method works with the balanced current from
the source, in phase with the positive sequence of the
voltage from the source [18]:

L0 ia sin(wt + f}f)

i, |=|ib|~Ism:| sin(wt+f; —271/3)

il Lic sin(wt +f; +271/3)
where:

Ism—the magnitude of the current from the source;

f; —phase angle of the Fortescue transformation

positive sequence fundamental components of the
source voltages.

Extraction of Ism.

¢ Extraction of the fundamental component of the
voltage from the source. We pass the source voltages
through a low pass filter (LPF) and obtain the
fundamental sinusoidal component;

e Extraction of the positive sequence of the
fundamental component of the source voltage V; .

1151112
Fl==|1 & 1
[]3 a

1 1 1

The positive, negative and homopolar sequences are
given by the relation:
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Fig. 6 Instantaneous power: (a) Block diagram; (b) Matlab/Simulink diagram.
_ — where:
f Vi L=vl i 4vl i, 40
‘77 —[F] ‘7 psf_ af  “sa bf  “sb of “sc
T T P O
‘70 = psf - Uaf Lo + vbf Ly, + vcf Lo
f o 0 _ 0 i 40 4o i
psf — af [ vbf Ly, Ucf L
Active power P. is the average value of instantaneous »
. . + + + +
power p.. We can deduce it from the equation below: Pa, = z {Uah oy T Uy, 1y T UG, lsc}
h=2
17 =
Pc:?jpc(t)dt psh:Z{vuh Zsu+vbh‘lsb+vh lsc}
0 h=2
The active power of the source P; is equal to the 0 N[0 0 - 0 .;
. * psh - Z U Ly + Oy "Ly, + Oy 1y
active power of the load P.. h=2
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Fig.7 Positive sequence method: (a) Block diagram; (b) Matlab/Simulink diagram.
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Following the calculation, we obtain:
- _ .0 __+ _ - _ 0 _
Py =Py =Pa =Ps =Py =0
Resulting:

1 T
P=glpywa

=p=3/.v".
PC_PS_A me Ism

which ultimately results in:
_2 P
Y V+

Obtain:

Fig. 7 presents the block diagram of the Active Power
Filter control by the Positive Sequence Method (MSP).

3. Results

In order to highlight the performances of this unitary
system, simulations were performed in Matlab/Simulink
in case of feeding the nonlinear load from the grid.

The results were presented in Figs. 8 and 9, where

we can visualize a change in the sinusoidal form of the

voltage and current.

Next, in order to be able to compare the presented
control methods of the Active Power Filter, simulations
were performed in Matlab/Simulink where the two
distinct cases of the photovoltaic system were taken
into account:

When the solar radiation is imposed at Ir = 1,000
W/m?, the photovoltaic system produces a power P =
7,300 W, which allows the supply of nonlinear charge
and the excess power is injected into the grid;

In the other case when the solar radiation is imposed
at Ir = 250 W/m®, the photovoltaic system produces a
power of P = 1,780 W, which allows supplying the
nonlinear load partially and the power difference is
completed from the grid.

The power of the nonlinear load is set at P = 3,000
Ww.

3.1 Indirect Control (CI)

The voltage and current waveforms are presented in
Fig. 10, where we can observe the sinusoidal forms of
the voltage and the current from the grid.

Voltage [V]

Current [A]

Fig. 8 Voltage and current waveforms.
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Fig. 9 The harmonic level of the nonlinear load: (a) Voltage; (b) current.
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Fig. 10 Grid voltage and current waveforms using the Indirect Control: (a) The photovoltaic system produces more power
than the load; (b) The photovoltaic system produces less power than the load.
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Fig. 11 Harmonic level of grid voltage: (a) The photovoltaic system produces more power than the load; (b) The photovoltaic

system produces less power than the load.
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Fig. 12 Harmonic level of grid current using the Indirect Control: (a) The photovoltaic system produces more power than the
load; (b) The photovoltaic system produces less power than the load.

The determination of the total harmonic distortions
of the grid voltage and current was performed using the
Fast Fourier Transform (FFT). The results are present
in Figs. 11 and 12.

3.2 Synchronous Reference Frame (DQ)

The voltage and current waveforms are presented in
Fig. 13, where we can observe the sinusoidal forms of
the voltage and the current from the grid.

The determination of the total harmonic distortions

of the grid voltage and current was performed using the

Fast Fourier Transform (FFT). The results were
presented in Figs. 14 and 15.

3.3 Instantaneous Power (PQ)

The voltage and current waveforms are presented in
Fig. 16, where we can observe the sinusoidal forms of
the voltage and the current from the grid.

The determination of the total harmonic distortions
of the grid voltage and current was performed using the
Fast Fourier Transform (FFT). The results were
presented in Figs. 17 and 18.
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Fig. 13 Grid voltage and current waveforms: (a) The photovoltaic system produces more power than the load; (b) The

photovoltaic system produces less power than the load.

THDu = 3.25%

Bollalle.

0 100 200 300 400 500 600

Frequency (Hz)

@

700  BOO 900

1000

0.06

Mag (% of Fundamental)
(=]
E

THDu =3.22%

mmm --| A ‘ - _-| m |

od ma

0 100 200 300 400 500 600

700 BOD 900 1000
Frequency (Hz)

(b)

Fig. 14 Harmonic level of grid voltage: (a) The photovoltaic system produces more power than the load; (b) The photovoltaic
system produces less power than the load.
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Fig. 15 Harmonic level of grid current: (a) The photovoltaic system produces more power than the load; (b) The photovoltaic
system produces less power than the load.
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Fig. 16 Grid voltage and current waveforms: (a) The photovoltaic system produces more power than the load; (b) The
photo-voltaic system produces less power than the load.
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Fig. 17 Harmonic level of grid voltage using the Instantaneous power: (a) The photovoltaic system produces more power than
the load; (b) The photovoltaic system produces less power than the load.
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than the load; (b) The photovoltaic system produces less power than the load.

3.4 Positive Sequence Method (MSP)

The voltage and current waveforms are presented in
Fig. 19, where we can observe the sinusoidal forms of
the voltage and the current from the grid.

The determination of the total harmonic distortions
of the grid voltage and current was performed using the
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Fast Fourier Transform (FFT). The results were
presented in Figs. 20 and 21.

Following the modeling and simulations performed,
the results obtained are presented in numerical and
graphical form in Fig. 22.

The values used to perform the Matlab/Simulink
simulations are presented in Table 1.
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Fig. 19 Grid voltage and current waveforms: (a) The photovoltaic system produces more power than the load; (b) The

photo-voltaic system produces less power than the load.
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Fig. 20 Harmonic level of grid voltage: (a) The photovoltaic system produces more power than the load; (b) The photovoltaic
system produces less power than the load.
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Fig. 21 Harmonic level of grid current: (a) The photovoltaic system produces more power than the load; (b) The photovoltaic
system produces less power than the load.

30.00% 30.00%

25.00% 25.00%

20.00% 20.00%

15.00% 15.00%

10.00% 10.00%

5.00% 5.00%

0005 Ee EBe EBs B 0005 ml ol o =
load | C | DQ | PQ | MSP load | C | DQ | PQ | MSP

WTHDU 343% 324% 325% 3.55% 3.25% WTHDU 343% 324% 322% 341% 3.22%

BTHDI 28.01% 2.46% 2.52%  2.94% 2.50% mTHDI 28.01% 534% 526% 517% 5.28%

(a) (b)

Fig. 22 Comparative analysis of the harmonic level of grid voltage and current and nonlinear load: (a) The photovoltaic
system produces more power than the load; (b) The photovoltaic system produces less power than the load.

Table 1 Values used to simulate.

Equipment Date Value Unit
Grid Line voltage (Uyp) 400 \%
Apparent power (5) 25,000 VA
Nonlinear load Resistance (R) 97 Q
Inductance (L) 0.0045 H
Boost converter Capacitance (C) 2.65%107 F
Switching frequency IGBT (F,) 25,000 Hz
Peak Power (Ppax) 365 w
Photovoltaic panel Open-circuit Voltage (V) 42.8 A%
(LG365Q1C-AS) Voltage at Pax (Vinp) 36.7 \Y%
Short-circuit current (/) 10.8 A
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Table 1 to be continued

Current at Ppux (Inp) 9.95 A
Series/Parallel 10/2 Panels
Temperature (7) 25 °C
Inductance (L) 0.0055 H
. Capacitance (C) 0.001 F

Active power filter .
Switching frequency IGBT (F) 25,000 Hz
Continuous voltage of the APF (V) 750 \%

Proportional and integral (PI) The proportional coefficient (kp) 1

controllers The integral coefficient (k7) 20

4. Conclusions

In this paper, the results were compared in the case
of injecting renewable energy from the photovoltaic
system to the grid through the Active Power Filter
where 4 control methods were used.

The Matlab/Simulink simulations demonstrated the
performance of this system which allows at the same
time the interconnection of the photovoltaic system to
the grid and the improvement of electricity quality.

Following the results obtained we can see that the
use of any of the control methods allows the injection
of energy into the grid produced by the photovoltaic
system and improve the quality of electricity.

Analyzing the results in detail, it can be stated that
the Indirect Control (CI) method obtains THDu =
3.24%, THDi = 2.46% with the best results if the
photovoltaic system produces a power greater than the
nonlinear load and the excess is injected into the grid.

In the other case when the photovoltaic system
produces a power less than the non-linear load and the
difference is completed by the grid. Synchronous
Reference Frame (DQ) THDu = 3.22%, THDi = 5.26%
and Instantaneous power (PQ) THDu = 3.41%, THDi =
5.17% methods get the best results.
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