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Abstract: In order to follow the standard recommendations of the electrical energy
quality (IEEE519) on the distribution network, the active filters have responded to
these recommendations, which require that the Total Harmonic Distortion (THD)
must be less than 5%. The purpose of this paper is to improve the waveform of
the electric current that is distorted due to the non-linear load by the shunt active
filtering system by exploiting photovoltaic solar energy as a source of the continuous
bus of the inverter and obtain a waveform of the sinusoidal source current with a
THD in accordance with the recommendations cited above. To show what we have
said, we used a SAPF powered by a PV system (module type MSX120 and a DC-
DC boost converter controlled by the (P and O) method) controlled by the Direct
Power Control (DPC) technique. The simulation results under M AT LAB/Simulink
showed us the effectiveness of the proposed system.
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1 Introduction

The shunt active power filter is powered by a DC voltage source or a capacitor which
is expensive. Our paper proposes another free continuous source by the sun, it is the
photovoltaic solar energy which transforms the light energy into electrical energy via the
PV sensor.

Fig. 1 shows the principle schematics of the SAPF.

Source Current Load Current

Current quality ﬂ N
Improvement

is < ":mu ir
3Ph —_— * —_—

- >
Filter Current

WA

Non-Linear
Load

Figure 1: Principle Schematics of the Shunt Active Power Filter.

In this paper, the supply of the SAPF is provided by a photovoltaic solar module
as a clean and free source. In order to output active power in the electrical network
lines, it guarantees the harmonics compensation of the source current and a reduced cost
of the SAPF. The regulation of the voltage of the PV system allowed us to obtain the
reference of the active power by means of a PI regulator. Thus, the MPPT command by
the (P and O) controller of the Boost converter is made to maintain the output voltage
of the PV module constant and to follow the reference value. The three-phase two-level
inverter is controlled by the DPC technique which is based on hysteresis comparators
using a switchboard. This control approach shows a significant difference in terms of
dynamics, robustness and stability compared to the traditional P-Q method.

2 The Photovoltaic Solar System

Fig. 2 shows the photovoltaic system which supplies the shunt active filter by a delivered
voltage V. which is equal to 96 V.

2.1 Modeling of photovoltaic module

The basic element of each photovoltaic system is the photovoltaic module. It has PV cells
connected together . The PV modules are of type BP-MSX120, their characteristics
are given in Tab. 1.

For PV solar module modeling, we applied the frequently used model to describe the
electrical characteristics of this module which takes into account the different internal
resistances (Fig. 3) [4,/5].

The equivalent circuit mathematical expression of the PV module is presented by

Ipy = Iy —Ip — IR, (1)
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Figure 2: PV solar system (Panel, Boost converter and MPPT).
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Figure 3: Equivalent circuit of a PV solar module.
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Or,
Ipy : PV current [A],
I,p, : Photo-current [A],
Iy : Reverse saturation current [A],
q : Electron charge
q=1.610"' coulomb

Vpy @ PV Voltage [V],

z : Number of cells in series,

R, : Series resistance [€],

R, : Shunt resistance [©],

n : Ideality factor varies between 1 and 2,
k : constant of Boltzmann

k=13810"% J.K !
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BP SOLAR MSX 120

Maximum Power Point P, 120 W
Voltage at Praz Vinp 33.7V
Current at Ppaz Lmp 3.56 A

Open-circuit voltage V. 421V
Short-circuit current I, 3.87T A
Series resistance Ry 0.473 Q
Shunt resistance Ry, 1367
Ideality factor n 1.3977

Temperature coefficient of I,. k;

(0.065 £ 0.015)%/C

Temperature coefficient of V,. k,

— (80 £ 10) mV/C

Temperature coefficient of P, kp

— (05 +0.05)%/C

NOCT

(47 £2)C

Number of cells connected in series ng

72

Table 1: Datasheet parameters of the PV module.

2.2 Modeling of DC-DC converter and MPPT controller

413

In order to guarantee the level of voltage required to supply the shunt active power filter,
the voltage delivered by the PV module is insufficient (Vpy = 42.1 V), while the inverter
must supply a voltage greater than Vpy. For this, we used a DC-DC boost converter

(Fig.4) [8].

Figure 4: Ideal circuit of boost converter.

The following equations are obtained from Fig. 3 when the switch S is open.

‘ ., dvpy (1)

ie1 (1) = ClT
. - dvdc (t)
1¢2 (t) = CQT
v () = LdiL (t)

dt

=ipy (t) —ir(t),

- iL (t) 77;0 (t)v

=vpy (t) — vac () -
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This transistor controlled by the (P and O) algorithm aims to tracking the maximum
power point MPPT. The latter is then controlled using a MPPT controller with the
Perturbation and Observation (P and O) algorithm, as shown in Fig. 5.

Mesure V., (k), I,,(k}

Panfk)=Ve (k). L (k)
AP, (K] =P, (k)P (k-1)

‘ D(k+1=D(k)- AD ” D{k+1)=D(k}+ AD ‘ ‘ Dik+1)=D(k)- AD H Dik+1)=D{k)+ AD ‘

! } ! }

Figure 5: Perturbation and Observation algorithm [9].

The switch S is a MOSFET transistor and internal diode in parallel with a series
RC snubber circuit. When a gate signal is applied, the MOSFET conducts and acts as
a resistance (Ron) in both directions. If the gate signal falls to zero when current is
negative, current is transferred to the antiparallel diode. Their parameters are shown in
Tab. 2.

MOSFET Transistor

FET resistance R, 0.1 Q
Internal diode inductance L, 0H

Internal diode resistance Ry 0.01 ©
Internal diode forward voltage Vy ov

Table 2: MOSFET Transistor parameters |10].

3 Modeling of Shunt Active Power Filter

Recently, there are fast switching power devices controlled by different strategies. These
devices can compensate the harmonics due to the nonlinear charge by producing counter-
harmonic currents [11]. The used SAPF is an inverter with two levels of IGBT Transistor
and internal diode in parallel. Their parameters are shown in Tab. 3.
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IGBT Transistor

IGBT resistance R,,, 0.001 ©
Snubber resistance R, 100000 €2
Snubber capacitance C Inf F

Table 3: IGBT Transistor parameters |10].

The work of the simulation model is as follows:

e Mainly the circuit consists of an inverter which consists of 6 IGBTs.

415

e The inverter is basically used to convert DC into AC. The input of the inverter is
96V dc and the output is connected between the supply network and non linear

load through the RL filter in order to inject the filter current iy.

The simple voltages of the three phases a, b and ¢ at the output of the inverter are

given as follows:

2
VUfa = VAn = QUC

2
Uy = VBn = 2UC

2
Vfc = Von = 20U,

Su=Sy=5c _, 25— 55
3 T e 3

Sy~ Sa—Se - 25, — S84 — S
3 de 3

Se—Sa—Sy -, 25.—5,—S
3 de 3 '

(8)

Thus, we can express eight possible cases of the output voltage of the active filter Vy,
(referred to the neutral N of the source) as shown in Tab. 4 [12].

Case Sa Sb SC 'Ufa/Vdc 'Ufb/Vdc 'Ufc/Vdc

0 0 010 0 0 0

1 100 2/3 -1/3 -1/3
2 o100 -1/3 2/3 -1/3
3 L[ 1[0 1/3 1/3 2/3
4 (oo 1] -1/3 -1/3 2/3
5 1|01 1/3 -2/3 1/3
6 01 /[1] -2/3 1/3 1/3
7 1 1 1 0 0 0

Table 4: Possible voltages in the output of the inverter.

The structure of inverter is shown in Fig. 6.
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Figure 7: Block diagram of the SAPF controlled by the DPC connected with a PV solar panel.

3.1 Direct power control (DPC) technique

Fig. 7 shows the system of a shunt active power filtering controlled by the DPC technique
and connected with a solar photovoltaic panel.
These powers are expressed, respectively, by the following relations :

Ps (1) = Vsa * Tsa + Vsb * Qb + Vse * Gses (9)
1

qs (t) = _3 [('Usb - Usc) “lsq t (Usc - Usa) “lgp + (Usa - Usb) . Z'sc] . (10)
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For this purpose, the stationary coordinates are divided into 12 sectors, as shown in
Fig.8. The digitized signal errors dys, dqs and voltage phase 6,, are the inputs of switching
table shown in Table 1 whose output is the switching state (S,, Sp, S.) of the converter.
By using this switching table, the optimal state of the converter can be selected uniquely
during each time interval according to the combination of the table inputs. The selection
of the optimal switching state is performed so that the power errors can be restricted
within the hysteresis bands [10}/15].

Figure 8: (a, ) twelve (12) sectors representation.

The digitized variables ds, dqs and grid voltage vector position 6 (equation (11)),
form a digital word, for access to the address of switching table select the appropriate
control voltage vector

0 = arctan 2., (11)

Vo

Determination of the number of sector is given by

(n—2)= <, <(n—1)=, (12)
6 6
where n indicates the sector number (n =1, 2, ..., 12) [10,|16]. The input voltage can
be estimated by the following equation:
Vo 1 ia —7:,3 ]/)\
vg 7,3 —+ ZB 18 la q

The same observation can be made for d, and even sectors (6;), i=even. So, this
shows the limits of this switching table DPC (Tab.5) [10,/17]. The knowledge of the
estimated voltage sector is necessary to determine optimal switching states.

The conversion in the o — 8 coordinate system by the system voltages with the
Concordia transformation gives

Vsa (0)

vsa (0) | I
- 2w
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dy | dg | 01 | 02 | O3 | 04 | O5 | 06 | 07 | O3 | 09 | 010 | 011 | O12
1 0 | 101 | 111 | 100 | 00O | 110 | 111 | 010 | OO0 | O11 | 111 | 001 | 000
1 1 | 111 | 111 | 000 | 000 | 111 | 111 | 000 | 00O | 111 | 111 | 000 | 00O
0 0 | 101 | 100 | 100 | 110 | 110 | 010 | 010 | 011 | 011 | 001 | 001 | 101
0 1 | 100 | 110 | 110 | 010 | 010 | 011 | O11 | 001 | OO1 | 101 | 101 | 100

Table 5: Switching sectors of the DPC.

The d — ¢ voltage components are derived by the Park transformation, where 0 rep-
resents the instantaneous reference voltage vector angle,

[ ] =p (@) [ ] -

cos 5 sina ]

with

—sinf cosf

~ 1
0) =
b ( 2 + 3
and after substituting (14) in (16), the voltages vsq and vsq are given by:
sin (9 — 5)
|:’Usd:|:\/§.vm. /o . (17)
Usq — cos (9 — 6)
4 Simulation Results and Discussions

The simulation of the system made with the M AT LAB/Simulink environment allowed
us to obtain the results below. Fig. 9 shows the voltage delivered by the PV module. We
note that this voltage is reached at its open-circuit value which is equal to 42.1 V in a
very fast time at time t = 0.005 s.

pv

Voltage V_ (V)

0 0.005 001 0015 0.02 0.025 0.03 0035 0.04 0.045 0.05
Time (sec)

Figure 9: Photovoltaic voltage V.

The curves (shown in Fig. 10) express current and power as a function of time. We
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observe that the parameters shown in Tab.1 are completed according to the datasheet
of this module.

IP\/‘VFV & PP\/VVF’\/ Characteristics of photowoltaic Module BPSOLAR MSX120

<4120

\ <4110

S S S S e \\\\
\

NN
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F T S S S S
/s 420
—410
0 0
0 5 10 15 20 25 30 35 40 45
Voltage (V)

Figure 10: Current I, and power P, in the function of voltage V,, for a PV solar module of
type BP-MSX120.

Fig. 11 shows the Duty cycle as a function of time. D increases from the value null
to the value 0.5 at the instant 0.01 s.

1 T

Duty cycle D
=

=
—

|
0 w2 oW w6 0B 0t 0 0 M6 ol 02
Time (sec)

Figure 11: Duty cycle D in the function of time.

Fig. 12 shows the DC link voltage delivered by the boost DC-DC converter. We clearly
see that the voltage V. reaches the reference value which is equal to 96 V at the instant
0.035 s.

Fig. 13 shows the load current delivered by the non-linear load without the SAPF.
We see that the signal is distorted because of the harmonics injected by the rectifier with
an amplitude value equal to 2.402 A.

Its spectral analysis gives a total harmonic distortion and shows a very high THD to
the value accepted by the supply grid which requires a current THD of less than 5%. We
see that THD; 1, = 25.32%, which is unacceptable. The harmonics that have appeared
are of order (6h £ 1) because of the three-phase source and the non-linear load, i.e., in
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Figure 12: DC link voltage in the output of the boost converter V.
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Figure 13: Load current i1, without the SAPF.

the marge of 30 orders, the order harmonics 5, 7, 11, 13, 17, 19, 23, 25 and 29 appeared
(Fig. 14).

Fundamental (50Hz) = 2.402 , THD\L; 25.32%

Mag (% of Fundamental)
T

T

0 5 10 15 20 25 30
Harmonic order

Figure 14: Total Harmonic Distorsion of irq.

After connecting the SAPF, we obtained the signal illustrated in Fig. 15. This is the
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source current ig, which becomes almost sinusoidal with an amplitude value equal to
4.412 A.

Source currenti_(A)
sa

0.02 0.04 0.06 0.08 01 012 014 016 018 0.2
Time (sec)

Figure 15: Source current ig, with the SAPF.

Its spectral analysis gives a THD is less than 5%. We see that THD;s, = 2.94%,
which is acceptable.

Fundamental (50Hz) =2.412, THD\s; 2.94%

Mag (% of Fundamental)
T

0 5 10 15 20 2 30
Harmonic order

Figure 16: Total Harmonic Distorsion of igq.

Fig. 17 shows the filter current ip, delivered by the SAPF.

Fig. 18 shows the system currents in same figure. The filter current ip, delivered by
the SAPF which compensates for the load current iy, by the following formula:

1Sa = 1La — LFa- (18)

Fig. 19 represents the active Ps and its reference P} powers. This shows us that the
active power follows its reference which is equal to 200 W at permanent regime after
closing the switch placed between the shunt active filter and the line.

Fig. 20 represents the reactive s and its reference Q% powers. This shows us that
the reactive power follows its reference which is equal to 0 VAR at permanent regime
after closing the switch placed between the shunt active filter and the line.
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Figure 17: Filter current ipg.
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Figure 18: Load, source and filter currents irq , isq and ipq.
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Figure 19: Active power Ps and its reference P;.

5 Conclusion

The harmonics injected into the electricity grid by the nonlinear charges pollute the
lines of this network, which causes the deformation of the electric currents on the one
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Figure 20: Reactive power Qs and its reference Q5.

hand and the malfunction of the electrical appliances on the other hand. To clean up
the supply network, several methods have been proposed between liabilities and assets.
Our proposal is parallel active filtering controlled by the Direct Power Control (DPC)
technique. The DC bus is powered by a photovoltaic source. The simulation results
under M AT LAB/Simulink show us that the filter has improved the quality of electrical
energy, and especially the wave of electric current ig, source. We clearly see that:

1. THD;1,,=25.32% before filtering decreased to TH D;5,=2.94% after filtering;

2. The SAPF iy, current compensated the reagent in the feed lines;

3. The active and reactive powers have followed their references.

Finally, we can say that the application of the PV system in parallel active filters has

a better harmonic compensation performance and reactive power.
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