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Abstract—The paper focuses on an efficient method to
compensate the harmonics and zero-sequence component
caused by the variable unbalanced nonlinear loads. The
studied compensator is based on the conventional Static
Compensator (STATCOM) which is supplied by a
photovoltaic generator rather than the storage passive
components. That constitutes a Photovoltaic Static
Compensator (PV-STATCOM). In addition to the active
power production, this PV-STATCOM will improve the
quality of the electric grid highly disturbed without any
additional devices and costs. The used control strategy is
based on the instantaneous power method and current
control. The obtained results show the benefits of the
photovoltaic active filter compensator to improve the energy
quality. Specially, the Total Harmonic Distortion (THD) is
decreased from 28.80 % to 2.03 %. The zero-sequence
component of the load currents is reduced from 31.50 % to
4.26 %. The results prove also a high stabilization and
limitation of the harmful repercussions of the compensator
on the photovoltaic station and an automatic adapting to the
solar variable radiation and to the unbalanced nonlinear
load variations.

Index Terms—Harmonic, instantaneous power, PV-

STATCOM, unbalanced nonlinear load, variable load

I. INTRODUCTION

In recent decades, the use of power electronics
equipment and other nonlinear loads in industry has
contributed to the decrease of the quality of energy in the
distribution grid. Indeed, the static converters (rectifiers,
dimmers, frequency-converters) have proliferated in the
industrial devices and domestic equipments. Certainly,
the use of these converters in electrical energy conversion
has significantly contributed to improve the performance
and efficiency of these systems. However, these
converters decrease the quality of the current and the
voltage of the distribution grid. Despite the sinusoidal
supply voltages, the nonlinear loads absorb the distorted
waveform currents. Consequently, they behave like
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generators of harmonic currents. The circulation of these
disturbing currents through the line impedances will
cause voltage harmonics and provoke unbalanced
voltages. These disturbances will be superimposed on the
nominal grid voltage. Various methods have been
proposed to detect and to recognize the power quality
disturbances in the distribution grid: S-transform and
Stockwell’s transform method [1], the space vector
signature analysis method [2] and identification with
artificial neural networks [3] and others. In literature,
after detection, recognition and classification of the grid
disturbances, different configurations have been applied
in order to improve the energy quality supplied to the
consumer. It is to compensate all type of disturbance as:
voltage and current harmonics, unbalances, reactive
power and voltage dips. The conventional passive filter
has been traditionally used to improve the power quality
of the electrical grid. However, it has several issues such
as its bulk, its resonance, fixed filter frequency and
difficulty in tuning [4], [5].The parameters and the
position of the filter depend strongly on the grid structure.
In [6], H. Suyono et al. discussed the optimal location
and rating of the compensation capacitor bank. They
proved that the position of the filter can reduce the active
power losses on a transmission line, minimize voltage
variation, and improve the voltage stability of the grid.
However, the structure of the actual grid becomes a
polymorphic structure. Parallel and series active filters
configuration and their combination need a supplement
control algorithm and an additional investment in the
power electronics devices and in the complement power
components. The conventional active filter needs the use
of the Direct Current (DC) storage device. The Direct
Current Bus Capacitor (DCBC) has been proved to be the
most failure-prone component in the power electronic
circuits. These capacitors are subjected to accelerated
failures in hot/arid environments [7] and are attributed to
30% of the failures that occur in power electronics [8].
The energy storage inductors have been proved to be
limited by its magnetic saturation and its electromagnetic
compatibility (EMC) [9]. The Battery Energy Storage
System (BESS) [10] presents an additional investment on
the power components and a supplement maintenance
cost caused by the Life Cycle Cost (LCC) of the batteries.
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The photovoltaic system filter allows to use the PV
DC-bus source rather than the inductive energy storage,
electrolytic capacitors or the batteries in addition to the
generation and injection of the active power. Moreover,
the Active Power Filters (APF) are not efficient when the
source voltages are not symmetric [11] or in situations
where the load generates the voltage harmonics which are
called Harmonic Voltage Source (HVS) loads [12]. The
active power filter is based on generating of the current
opposite to the load current harmonics. This classic
configuration is supplied by a constant voltage source in
the DC side. If this DC voltage source is obtained from
the same grid then there will cause a pollution of this grid
and a return of harmonics generated by this filter itself.
The use of photovoltaic (PV) systems to substitute the
conventional filter system at different points of the grid
proves to be an adequate and efficient solution for all
types of disturbances that may appear in the power grid
[13], [14]. In [15], the active power filter supplied by the
photovoltaic source was used to compensate the
harmonics generated by the fixed and balanced nonlinear
loads. That reduces the technical and financial constraints
of installing a particular active filter. Nevertheless, most
of electrical grid disturbances are actually an unavoidable
consequence of the increasing use of the unbalanced
nonlinear variable loads (single-phase variable speed
drives, single-phase motors starters, domestic electronic
devices and energy efficient lamps (fluorescent and LED),
intermittent renewable energy and Smart grid control
devices [16]. For these reasons, this work aims to control
a PV-STATCOM connected to the disturbed grid in order
to ensure an optimal compensation of the zero-sequence
load current and of the harmonic pollution. The
compensation of these disturbances generated by the
nonlinear unbalanced loads is done in addition to the
injection of the active power and the compensation of the
request reactive energy.

The paper is organized as follow: Section Il details the
system configuration and control strategy by presenting
the description of the instantaneous power method. The
obtained results for different studied scenarios and cases
are presented and discussed in Section Il1. In this section,
we evaluate the performances of the studied system in
accordance with different situations: System without
photovoltaic filter, system with photovoltaic filter under a
constant solar radiation, system with photovoltaic filter
under a variable solar radiation, variable nonlinear load
and unbalanced variable nonlinear loads. The last part of
this section presents a comparison of the obtained
performances in this study with other control methods
published in the literature. Finally, Section IV presents
the main conclusion.

Il. SYSTEM CONFIGURATION AND CONTROL METHOD

A. System Configuration

The studied configuration consists of a PV solar
generator connected to the DC bus of a three-phase
voltage inverter. This inverter is connected to the
distribution grid low voltage-medium voltage through a
choke-inductor. The electrical grid supplies various
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nonlinear variable loads constituted by the three-phase
diode bridge rectifier and thyristor bridge feeding the
resistor-inductor series block. Moreover, the same three-
phase grid supplies a highly unbalanced variable
inductive load at Point of Common Coupling (PCC). The
block diagram of the Fig. 1 illustrates the main
components of the studied model.

The proposed photovoltaic static compensator (PV-
STATCOM) (as described in Fig. 1) is a power electronic
configuration based on power active filter device. The
DC-bus is linked to the photovoltaic generator rather than
to a capacitor. The main building block in the proposed
capacitor-less configuration is the photovoltaic station.
This configuration allows to generate the active power
and to simultaneously supply the three-phase Voltage
Source Inverter (VSI) of the filter. The photovoltaic
station is a PV array that consists of 66 strings of modules
connected in parallel; each string consists of 6 modules
connected in series. All modules receive a radiation
I(W-m™) under a temperature T(<C). This PV station can
generate and supply 120kWc (peak value) to the
distribution grid. The module’s specifications under
standard test conditions STC (irradiance 1000 W-m?, cell
temperature = 25<C) are detailed in Table I. The boost
DC-DC converter allows to adapt the PV output voltage
to that of the DC bus. This converter is driving by the
maximum power point tracking (MPPT) controller.
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Fig. 1. PV-STATCOM: Studied configuration.
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TABLE |: DETAILED SYSTEM SARAMETERS

Parameters Ratings

Station’s structure:

- Module type: Sun Power SPR-305-WHT

- 6 series-connected modules per string

- 96 cells per module - 66 parallel strings
Module’s specifications under Standard Test
Conditions STC (1000 W-m?, 25 <C):

- Short-circuit current 1sc=5.96A

- Open circuit voltage Vo =64.2V,

- Current at maximum power point: |,,,=5.58A
- Voltage at maximum power point Vin,=54.7V
- Parallel resistance R;=993.51Q

- Series resistance R=37.998m Q

Unax=750 V', Inax= 500A

Standard three-phase IGBT based bridge
DC interface voltage: 700 V
AC interface voltage: 3x380 V- 50Hz

0.05 mH

Medium Voltage Line: 22kV-50Hz-250kVA
22kV/380V-150kVA

0.002 + j 0.251 (Q)

PV-Station

Boost DC-DC

Voltage Source
Inverter VSI

Choke inductor
Distribution Grid

Power transformer

Line impedance

Unbalanced load Variable resistor and variable inductor

Variable Non- linear |Three-phase diode bridge rectifier with variable
Load resistor and variable inductor load

The Voltage Source Inverter (VSI) links the PV station
to the distribution grid at the point of common coupling
(PCC) through the choke inductor and the bus bars as
shown in Fig. 1. The VSI generates 380VV-50Hz which is
stepped up to 22kV using 22kV/380V power transformer
for distribution grid. Upstream, toward the substation, is
modeled as a three-phase distribution grid 22kV-50Hz-
250kVA and a power transformer 22kV/380V-150kVA
with series line impedance (Z,). Downstream is modeled
as two blocks. The first one is the harmonics generator
block. This block is constituted by three-phase diode
bridge rectifier feeding a variable resistor-inductor series
block R,-L,. It will generate harmonic currents that
represent the aggregate behavior of harmonics producing
loads such as variable speed drives, motors starters for
pumps, frequency converters, electronic devices supplies
and energy efficient lamps (fluorescent and LED), etc.
The second block is the variable unbalanced loads that
are lumped into equivalent resistor inductor R\-L, as
shown in Fig. 2. These variable and unbalanced loads
absorb the reactive and active energy and generate the
zero-sequence component and the harmonics pollution.
The Voltage Source Inverter (VSI) controller is based on
the instantaneous powers with current control method.
The specification of this control method will be detailed
at the end of this section. Table |. summarizes the
specifications of the proposed photovoltaic STATCOM.

B. Control Method

The energy flow is examined in various regimes
imposed by the fluctuation of the radiation level and the
variation of the unbalanced nonlinear load. It should be
noted that, with the used configuration, the material
investment is identical to that of a conventional
photovoltaic installation connected to the grid without
any additional devices and costs. To improve the quality
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of the energy at the point of connection, we just have to
add the functionalities of an active filter to the algorithm
of the boost DC converter controller and that of the
voltage inverter. That allows to ensure simultaneously:
the compensation of harmonic pollution, the reactive
power, load unbalances, dips voltage and the injection of
the active power supplied by the PV station.

Two strategies of control are possible: the follow-up of
set-point and the rejection of disturbances [17].
According to the type of signal used for pulse generation,
these strategies can be divided into three major families:
Instantaneous voltage controller [18], Instantaneous
power and current control technique [19], [20]. Among
the methods used to determinate the harmonic currents to
be compensated, the method of instantaneous power is
used in this work. This method is very widespread and
simple to implement. The control of the Direct Current-
Alternative  Current (DC-AC) inverter by the
instantaneous power method is robust [21]; According to
various conditions imposed by the fluctuation of solar
radiation and the variation of the nonlinear load, an
analysis of the powers transits is effectuated on the
photovoltaic source, on the load and on the grid [20].

The first stage is to convert the primary real voltages v,,
Vp, Ve, and currents iy, iy, ic to the two-phase (a, f)
reference plane by using the Concordia’s transformation:

11
1 -2 = [v
Ve _JZ 2 2|, M
Vo] N3l B B
0 — ——|| Vv,
2 2
I 7|t _% _% 5
“l1=.|% i 2
LB s | o
2 2]~

Va, Vi, Ve and iy, iy, ic: real component of voltage (V) and
current (A). V,, Vg, and i, ig: voltage (V) and current (A)
in the two-phase («, /).

According to (1) and (2), the instantaneous active
power p and reactive g are calculated by:

[Z}Z{XZ :Z}EZ} @

These instantaneous powers p (W) and q (VAR) can be
divided into two components: The direct continuous
component related to the fundamental components (9,7 )

and the alternative component related to the harmonics
(p,q) as following:

{p=ﬁ+ﬁ @

q=0+4

After that, a power filter is used to separate the
harmonic’s power component from the fundamental
power component. After the separation of these
components, the disturbing currents in the reference plane
a, p are calculated by using (3) and (4). This technique
allows to compensate the reactive energy. In fact, the
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reactive power’s absorption is a result of a non-zero
continuous component (i, ) along the axis « . The filter’s

current, which allows to compensate simultaneously the
reactive power and the whole harmonics, is therefore:

Ia_l’ef _l Va _V/i 5_I3 (5)
e | AV, V. |-0-4

A=VZ+V} (6)

where

In the (a, ) axis plane, it is possible to express the
current with three components: the active current Il 4,
the fundamental reactive current I, o and the set of other
harmonics Iy p:

Iaref _ Iarefﬁa T Iarefﬁr T Iareffh (7)
I/?ref Iﬂref _a I/?ref _r Iﬂref _h

Active current:

I:I ]: Iaref_a :E Va _Vﬁ _ﬁ (8)
ref-e I/}ref_a_ A _Vﬂ Va i _o
Reactive current:
L .1 1[V, v, 0
|:Iref r:|: o :l ! _:| (9)
- I/;’ref _r | A _V,[} Va ] __q

Harmonic current:
| _ Iarefih _l Va _Vﬁ_ —f) 10
[ refﬁh:|_ | - V V ~ ( )

pref _h A Vi a | _q

The three-phase polluting currents,

referred as

reference currents |, are calculated from the
Concordia’s inverse transform.
| 10
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Fig. 2. Instantaneous power and current control: Main diagram [15].
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Fig. 2 shows the schematic diagram of the control
method. This diagram illustrates the specification of the
proposed control strategy of the photovoltaic filter system.
The references of the currents to be injected by the active
filter are controlled in the two-phase plane “a, £~ by
using the current control strategy. In Fig. 2, the first
blocks allow to calculate the voltage and current
components I,, 15 and V,, V; with Concordia’s matrix in
terms of the real components iy, ip, i and va, vy, v in (1)
and (2). The control method is based on determination of
the harmonic currents to be compensated by using the
instantaneous power method. The harmonic references
iorer aNd igrer are extracted from the instantaneous power
active p and reactive q in the plane “a, f”. For internal
loop, (i.e. the current’s loop in the Pulse Wide
Modulation (PWM) block), a Proportional Integral
Derivate (PID) controller is used in order to force the
supplied filter currents to follow quickly their references.
Concerning the external loop, (loop of the DC bus
voltage), an Integral Proportional (IP) controller is used
to keep the DC voltage Vg at its set-point value. The
compensated error in the IP controller’s output is then
added to the current reference in the « axis. The control
of the PV-STATCOM is done by two controllers; the PI
controller regulates the DC-link voltage, the PID
controller allows to the inverter to produce the opposite
polluting currents to be compensate. The output of IP
controller is deducted from the active power reference
P.t. After that, we calculate the reference active currents
to be generated by the PV-STATCOM.

For the Integral Proportional (IP) controller and the
Proportional Integral Derivative (PID) tuning, the
parameters depend on the transfer function of the plant to
be controlled. Since it is difficult to know the transfer
function of the global system, the heuristic Ziegler-
Nichols method is used to tune the parameter of the both
controller IP and PID. The parameters of the IP controller
(proportional and integral constants) are determined
according to specific criteria (like steady error, overshoot
and large stability margin). The proportional gain,
integral and derivative gains of the PID controller are
adjusted in order to ensure a fast dynamic and a settling
time of the inverter. This fast dynamic allows to follow
the fast variation of the disturbing current.

I1l. RESULTS AND DISCUSSION

A. System without Compensation

In a first stage, the system operates without
compensation filter. The grid supplies to the nonlinear
loads an active power equal to 20kW and a reactive
power equal to 15kVAR. The curve of the grid current is
shown in Fig. 3, the current is characterized by a shape
distortion. The waveform of the fundamental component
is delayed from that of the voltage grid; a reactive power
is provided by the grid.

Fig. 4 shows a frequency spectrum of the grid current.
It contains pair-order and odd-order harmonics. The first
odd-order harmonics (no-multiple of 3 i.e. 5, 7, 11, 17)
have a high amplitude. The primary effect of these har-
monics is an increase in the iron and copper losses, thus
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the additional heat generated. Voltage distortion increase
losses due to hysteresis and eddy currents and causes
overstressing of the insulation material used. Without
connecting the PV-STATCOM device, the Total
Harmonic Distort'ion valye is: '[HD:28.80%.
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Fig. 3. Voltage and grid current waveform without compensation.
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Fig. 5. Voltage and grid current waveform with PV-STATCOM under
constant radiation.

B. System with Photovoltaic Filter under a Constant
Solar Radiation

In this second case, the photovoltaic filter (PV-
STATCOM is connected to the grid. The temperature and
the radiation level are fixed at standard conditions
(Teo=25°C, E,=1000W-m?). The grid supplies the
nonlinear load constituted by the three-phase diode bridge
rectifier bridge feeding the resistor-inductor series block
which absorbs an active power equal to 20kW and
reactive power equal to 15kVAR. In Fig. 5, the opposite
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phases between the voltage and current waveforms prove
the injection of the excess active energy produced by the
PV-STACOM into the distribution grid.

As shown in Fig. 6, the Total Harmonic Distortion
(THD) of the grid current is significantly improved; the
THD value is reduced to 2.02% by connecting the PV-
STATCOM device and this is a remarkable improvement
of the energy quality supplied into the distribution grid. A
power consumption reduction will be realized by
eliminating harmonic currents. The greatest benefits will
be achieved on the devices life cycle with harmonic
mitigation: smooth-running of protection equipment,
under-loading of cables and transformers.

C. System with Photovoltaic Filter under a Variable Solar
Radiation

In the literature, the daily average radiation for each
calendar month on surfaces facing directly towards the
equator has been presented by Liu and Jordan [22]. Fig. 7
presents the global hourly solar radiation incident on
inclined surfaces with an inclination value equal to the
latitude of the considered the photovoltaic (PV) station
[23], [24]. Fig. 7 shows the variation of the solar
irradiance, on real time, from sunrise to sunset on the
summer solstice and the winter solstice days. The
location coordinates of the PV-station (case of Noor
Ouarzazate Solar Complex, Morocco) are: Latitude
30°59'40" N, Longitude 6°51'48"” W, Altitude=1200 m.

......

100

—_ ) N
w = 0
T T T
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—_—

01 3 5 7 9 11
Harmonic order

Fig. 6. Harmonics of the grid current with PV-STATCOM under
constant radiation.
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Fig. 7. Global solar radiation on June 21% and December 21%

The radiation variation on photovoltaic panels is due
to the deterministic periodic events on one hand (sunrise
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and sunset) as shown in Fig. 7, and to the pseudo-random
phenomena on the other hand. These pseudo-random
phenomena are due to the weather conditions (climate
change, clouds) or environmental (transitional shading,

dust settlement, etc.).
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Fig. 8. Instantaneous powers during a cycle of variable solar radiation.
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Fig. 10. Evolution of the currents of grid, load, and filter.

To assess the performance of PV-STATCOM in view
of these variations, the photovoltaic panels receive a
variable solar radiation as shown in Fig. 8. During a daily
cycle of solar variable radiation, Fig. 8, Fig. 9, and Fig.
10 illustrate the evolution of the photovoltaic voltage,
photovoltaic current and instantaneous active and reactive
grid powers. The variable radiation describes (in reduced
time) the periods of darkness (zone 1 and 5), the sunrise
and sunset time (zone 2 and 4), and the constant radiation
phase (zone 3).

The constant radiation is superimposed with Gaussian
noise in order to simulate the case of the presence of
pseudo-random variations caused by the climate change
and the environmental conditions. For a non-zero solar
radiation, the PV-STATCOM products the active power
and supplies the load and the grid. After a transient
regime necessary for the stability of the system between
(0s to 0.12s), there is no exchange of reactive power
between the grid and the nonlinear inductor load; the
latter is completely compensated by the filter. During the
darkness period, the station compensates the reactive
energy.

Fig. 9 shows that after the transient state (after 0.12 s),
the DC-bus voltage still stable except a small variation (~
+5V) at the time of the high variation of the radiation
(during sunrise and sunset).

Fig. 11 illustrates the improvement of the Total
Harmonic Distortion (THD) of the distribution grid.
Under a non-zero value of radiation, the PV-
STATACOM reduces the THD from value 41.5% to
2.02%. The THD curve also shows the abrupt peaks that
appear at the moments of equality of the power provided
by the PV station with the load’s power (at 0.39 s and at
1.92 s). At these moments, the power supplied by the grid
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is zero; the fundamental current tends towards zero,

hence the THD increases.
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Fig. 11. Evolution of the THD of the load and the grid.

TABLE Il: TRANSIENT PERFORMANCES UNDER VARIABLE RADIATION

0 025 05 075 1

Transient convergence time (ms)
DC-bus voltage 60 ms
THD of the load current 40 ms
THD of the grid current 120 ms
Settling time of DC-bus voltage (ms)
During increasing of the radiation (sunrise) 300 ms
During decreasing of the radiation (sunset) 350 ms
DC-bus voltage variation (%)
During increasing of the radiation (sunrise) +0.63%
During decreasing of the radiation (sunset) -0.67%

TABLE Ill: STEADY STATE PERFORMANCE CHARACTERISTICS UNDER
VARIABLE RADIATION

THD THD THD DC-bus
Load Grid | Improvement Voltage (V)
(%) (%) rate (%)
Before sunrise | 42.42 7.04 83.76 700.50
After sunrise 41.40 2.02 95.13 699.55
Before sunset 41.44 2.04 95.08 699.80
After sunset 42.43 6.92 83.69 700.32

Table Il and Table 1l summarize the performance
characteristics of the PV-STATCOM when it receives a
variable radiation (cases of the sunrise and sunset
conditions). The results prove a good behavior of the PV-
STATCOM in the transient and the Steady state. Table
IV shows the evolution of THD, the active and reactive
powers of the PV-STATCOM under variable radiation.

For fairly sufficient radiation values, the PV-
STATCOM compensates harmonics and reactive energy,
and keeps supplying the active energy to the grid. The
value of Total Harmonic Distortion remains reduced and
stable. That proves the robustness and reliability of the
compensation station under variable radiation. Moreover,
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the DC bus voltage remains almost stable and equal to its
reference value (~700V). That shows a weak influence of
disturbances on the station. For low radiation values, the
THD starts to increase, but the station continues to
compensate the reactive energy.

TABLE IV: PERFORMANCE MEASUREMENTS UNDER VARIABLE

RADIATION
Radiation | DC bus voltage | THD |Reactive power | Active power
(W-m-?) V) (%) (KVAR) (kw)
1073 698.399 1.954 0.215 -94.306
1035 702,590 2,042 -0,313 -95,669
1021 701.034 2.024 2.709 -93.427
1016 701,670 2,022 0,199 -93,359
1008 701.105 1.963 -1.960 -96.636
1000 702,195 2,035 -0,069 -90,874
980 702,181 2,031 -0,099 -92,029
972 701,422 2,205 -0,017 -89,846
965 698.911 1.963 1.435 -89.788
960 702,350 2,021 -0,151 -87,695
940 702,004 2,087 -0,143 -83,406
880 700,764 2,807 0,447 -79,987
785 700.009 2.954 0.966 -70.740
80 699,957 6,485 -0,057 27,362
0 699,557 6,485 -0,022 28,058

D. Photovoltaic Filter with Variable Nonlinear Load

In this case, the photovoltaic filter connected to the
grid supplies a variable nonlinear load. The objective is to
evaluate the behavior of the PV-STATCOM and the
robustness of the control algorithm after abrupt and
spontaneous variations of the nonlinear loads. These
variations are either in type or in the value of the load.
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Fig. 12. PV-Station voltage and current with an abrupt variation of
the nonlinear load.

Fig. 12 shows the evolution of the photovoltaic voltage
and current before and after an abrupt variation of the
nonlinear load. The time of the disturbance is localized
between (0.4s to 0.6s). We observe that the variation of
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the load doesn’t have any effect on the DC bus voltage,
the last remains stable during steady-state (Vg4=700V).
That proves the ability of the used control method to

minimize the effect of the filter on the PV station.
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Fig. 13. Active and reactive grid power in the case of an abrupt

variation of the nonlinear load.
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Fig. 14. Evolution of the grid-THD in the case of an abrupt variation

of the nonlinear load.

Fig. 13 shows that the PV-STATCOM allows to
compensate the reactive power even in the case of an
abrupt variations of the nonlinear load. Despite the
variation of the reactive load power from 7.50kVAR to
11kVAR, the PV-STATCOM compensates all reactive
energies and the reactive grid power remains zero. Fig. 14
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presents the evolution of the grid-THD in the case of an
abrupt variation of the nonlinear load.

In Fig. 14, the abrupt variation of the nonlinear load
appears at 0.4s, it provokes a sudden increase of the THD
of the load current from 28.81% to 41.15%. The
photovoltaic filter limits the THD of the grid current at
2.57%. That proves the efficiency of the control method
even when the nonlinear load varies. This variation of
THD (from 2.03% to 2.57%) is due to the variation of the
operating point of the nonlinear system. Fig. 15 presents
the load and the grid current forms. It shows that the PV-
STATCOM keeps the sinusoidal waveform of the grid
current even if nonlinear load changes.
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Fig. 15. Grid, load and PV-STATCOM currents before and after
abrupt variation of the unbalanced nonlinear load.

TABLE V: TRANSIENT PERFORMANCE CHARACTERISTICS WITH
VARIABLE NONLINEAR LOAD

Transient convergence time (ms)
DC-bus voltage 60 ms
THD of the load current 40 ms
THD of the grid current 120 ms
Settling time (ms)
DC-bus voltage 250 ms
THD of the load current 40 ms
THD of the grid current 40 ms
DC-bus voltage variation (%0)
After connection of the nonlinear load -0.16%
After disconnection of the nonlinear load +0.17%

Table V and Table VI summarize the performance
characteristics of the Total Distortion Harmonic and that
of the DC-bus voltage. Despite the nonlinear variable
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loads, the PV-STATCOM proves a fast dynamic less than
250 ms in the transient state, and keeps a large stability
level of the DC-bus voltage. The improvement rate of the
THD stills more than 92.95% in the steady state.

TABLE VI: STEADY STATE PERFORMANCE CHARACTERISTICS WITH
VARIABLE NONLINEAR LOAD

THD THD THD DC-bus
Load Grid | improvement | Voltage
(%) (%) rate (%) V)
Before nonlinear | g9 | 53 92.95 699.97
load connection
After nonlinear |, ;5 | 557 93.75 699.80
load connection
Before nonlinear | ) o5 | 555 9379 | 699.60
load disconnection
Afternonlinear | 55 59 | 50605 | 9287% | 699.92
load disconnection
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Fig. 16. Waveforms of load and grid currents before and after abrupt
variation of the unbalanced nonlinear load.

E. Photovoltaic Filter
Nonlinear Load

In this latter case, various unbalanced three-phase
loads are connected to the output of the photovoltaic filter
connected to the grid. Fig. 16 presents the waveforms of
the grid voltages, the load currents, and grid currents. The
unbalanced load is supplied between 0.2s and 0.3s. The
three-phase load currents become unbalanced as shown in
Fig. 16.

The aim is to evaluate the capacity of the PV-
STATCOM to compensate the unbalanced components
(positive, negative, and zero-sequence components of
three-phase voltages and currents) of the load currents
and to restore the balance of the grid currents. Fig. 17
presents the evolution of the zero-sequence component of
the load and the grid currents and their THD. At the
moment of the appearance of an unbalance load (at 0.2s),
the zero-sequence component of the load currents (I joaq)
increases from 0 to 31.50%. The THD of the load

with  Unbalanced Variable
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currents rises from 7.5% to 22.80%. However the
photovoltaic filter connected to the grid limits this zero-
sequence component of the grid current (I, grig) at 4.26 %
(Fig. 17) and keeps the THD of the grid currents under
3.10 %. These advantageous effects remain acceptable
according to IEEE 929 and IEEE 1547 standards.
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Fig. 17. Evolution of the zero-sequence component and THD of grid
current before and after abrupt variation of unbalanced nonlinear load.

0.4

TABLE VII: TRANSIENT PERFORMANCE WITH VARIABLE UNBALANCED
NONLINEAR LOAD

Transient convergence time (ms)
THD of the load current 40 ms
THD of the grid current 120 ms
Zero-sequence component of load current 20 ms
Zero- sequence component of grid current 20 ms
Settling time (ms)
THD of the load current 20 ms
THD of the grid current 25 ms
Zero-sequence component of load current 40 ms
Zero- sequence component of grid current 40 ms

TABLE VIII: STEADY STATE PERFORMANCE CHARACTERISTICS WITH
VARIABLE UNBALANCED NONLINEAR LOAD

Before connection of the nonlinear unbalanced load

THD of the load current 7.50%
THD of the grid current 2.10%
THD improvement rate (%) 2%

After connection of the nonlinear unbalanced load

THD of the load current 22.80%
THD of the grid current 3.10%
THD improvement rate (%) 86.40%
Zero-sequence component of load current 31.50%
Zero- sequence component of grid current 4.26%
Balanced improvement rate (%) 86.48%

Table VII and Table VIII present the performance
characteristics of the PV-STATCOM in the case of the
nonlinear unbalanced loads are supplied. After
connection of the nonlinear unbalanced loads, the THD of
the load increases from 28.81% to 41.15%. Despite this
load distortion, the PV-STATCOM keeps the THD of the
grid less than 2.57%. Therefore, the improvement rate of
THD is equal to 86.40 %. The zero- sequence component
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of the grid currents is reduced from 31.50 % to 4.26 %;
that means an improvement rate equal to 86.48 %. These
results prove the ability of the PV-STATCOM to restore
the balance of the grid currents in spite of the unbalanced
three-phase variable loads.

F. Synthesis and Comparaison of Results

To improve efficiently the power quality in distribution
grid, three main objectives should be achieved [2]:

- Assess the impact of the harmonic grid currents and
reduce the THD according to the guideline specified
in the International standard requirement as per
International Electro-technical Commission (IEC)
standard.

- Good dynamic response and fast convergence of the
control algorithms allowing to follow the abrupt
disturbances. These disturbances are caused by the
fast power electronic equipments generating of
disturbances and itself influenced by these
disturbances.

- Ensure the stability of the parameters of the actual
polymorphic grid structures, as well as the strong
trend towards bidirectional exchange grid including
the intermittent renewable energy sources [25].

Different analysis and techniques control have been
developed in the literature. All methods used to improve
the power quality have their own advantages and
disadvantages.

- In [26], Rahmani et al. used the nonlinear control
technique with computational control  delay
compensation to control a three-phase shunt active
power filter with DC link capacitor. The nonlinear
load was constituted by a three-phase diode bridge
rectifier with resistor and inductor load. The authors
declared a good dynamic response and DC-link
voltage variation of 3.5%. The THD of the grid
current was reduced from 14% before compensation
to 3.1% after compensation.

In [27], the authors used the discrete Proportional
Integral (PI) and hysteresis control scheme to filter
the harmonics in a distribution grid connected to a
wind energy generation system. The THD was
reduced from 27% to 3.04%.

References [28] and [29] studied a compensator
based on adaptive filter control. This method was
based on adaptive nature for synchronous extraction
in the time domain for deriving reference supplied
currents. It was applied under distorted alternative
current feeding to three-phase linear and nonlinear
loads. The transient performance of this method
shows a dynamic performance of 0.6 sec. The THD

of the load current and the grid current are
respectively 25.34% and 2.84%.

In [30], M. Mahdianpoor et al. used the Proportional-
Resonant (PR) controller. The studied filter consisted
of an injection transformer, an inverter output filter,
a voltage source converter and a DC-link capacitor.
The authors confirm a reduction of the THD from
21.7% before compensation to 5.83% after
compensation.

In [10], J. Hussain et al. introduced the power quality
improvement technique of disturbed grid using
STATCOM with Battery Energy Storage System
(BESS). The THD without compensation was 4.94%.
With the STATCOM, the THD became 1.32%, the
stability of the system was been achieved after 2 sec.
However, the use of the BESS presents an additional
investment on power components and a supplement
maintenance cost caused by the Life Cycle Cost
(LCC) of the batteries.

In [9], W. Rohouma et al. studied harmonics
compensation in a distribution grid. The proposed
strategy is based on a Matrix Converter (MC) which
was controlled using Finite Control Set Model
Predictive Control (FCSMPC). This approach used
the inductive energy storage rather than electrolytic
DC-Bus capacitors. The authors proved the reduction
of the currents THD from 26.99% to 3.43%.
However, this adds additional complexity and cost in
addition to the magnetic saturation and the
electromagnetic compatibility problems.

In this study we use the current control and
identification of harmonic currents by the instantaneous
power method. Table 1X summarizes the comparison of
the dynamic response, the harmonic distortion rate and
other performances obtained with other control methods
published in the literature.

According to Table IX, The performances of the
studied photovoltaic PV-STATCOM based on the current
control algorithm with instantaneous power are
demonstrated. This compensation method is efficient for
harmonics elimination and DC-Bus Voltage stabilization.
It ensures too a good dynamic response. The THD is
significantly improved from 28.81% to 2.03% then a
reduction rate equal to 92.98%. The DC-Bus voltage of
the PV-STATCOM is also regulated to the desired value
despite the varying load and irradiance conditions. These
results confirm the capability of the presented
Photovoltaic STATCOM to improve the power quality of
distribution grid without any additional devices and costs,
but only by integration of the functionalities of an active
filter in the photovoltaic inverter controller.

TABLE IX: COMPARISON DIFFERENT CONTROL CHARTS PUBLISHED IN THE LITERATURE

THD value DC-Bus Dynamic
Control strategy Without After Reduction Vpl_tagg Reysponse Additional devices cost
Compensation| compensation|  Ratio | stabilization
Nonlinear control technique with \sglage Sg“'_cg inverter
computational control delay compensation 14% 3.1% 77,86% 3.5% 75ms (vsI), DC-side
. Capacitor, AC-side high-
S. Rahmani et al. [26] (2010) frequency inductors
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THD value DC-Bus Dynamic
Control strategy Without After Reduction Voltage Rgsponse Additional devices cost
Compensation| compensation|  Ratio | stabilization
Discrete Proportional Integral (PI) and 150 ms Voltage source inverter
hysteresis control. 27% 3.04% 88,74% -- (VSI), DC energy storage
M. Ravindra et al. [27] (2012) capacitor
Compensator based on adaptive filter strategy VSI, DC bus capacitor,
N. Narasimhulu et al [28] (2016) 25.34% 2.84% 88,79% 30% 600 ms Interfacing inductors,
R. M. Reddy et al. [29] (2018) Ripple filters: R-C
Injection transformer,
Proportional-Resonant (PR) controller o 0 0 _ Inverter output filter,
M. MAHDIANPOOR et al. [30] (2017) 2L7% 583% | 7313% Voltage source converter
(VSC), DC-link capacitor
STATCOM with battery energy storage :”Jeclf'on SEt‘\d/O‘;‘t’”
system (BESS) 4.94% 1.32% 73,28% - 2s ranstormer, Voltage
- source converter (VSC),
J. Hussain et al. [10] (2019) Batteries
Three-phase matrix
converter (18 IGBT
. o modules SK6OGM123 -
Matrix converter (MC) with finite control set 18 power diodes), Clamp
model predictive control (FCSMPC) 26.99% 3.43% 87.29% - 100 ms circuit (2 three-phase
W. Rohouma et al. [9] (2019) diode bridge rectifier),
Three-phase input filter
R-L, -Output chokes
Inductors
Any additional device
Current control with instantaneous powers except that already used
This work 28.81% 2.03% 92,95% <0.67 % 40 ms in photovoltaic
production

IV. CONCLUSION

The PV-STATCOM connected to the distribution grid
can ensure, in addition to the production and injection of
the active power, an optimal compensation of the all grid
disturbances. The performances of photovoltaic filter are
modeled and evaluated with the use of the instantaneous
powers theory and DC voltage reference control under
variable weather environment and load conditions. This
compensator improves the THD as well as it compensates
the reactive energy and the zero-sequence component of
the load currents. This compensation stills efficient
despite the variable radiation, variable and unbalanced
nonlinear loads. The control algorithm eliminates the
harmonics and maintains the Total Harmonic Distortion
limit according to IEEE 929 and IEEE 1547 standards.

Moreover, the used control algorithm is easy to be
implemented because of its simplicity and it needs less
computational time. The efficiency of the control
algorithms is verified. Indeed, the results show the
robustness of the control technique based on the
identification of the disturbances by using the
instantaneous power method instead of the frequency
method which requires a high computation time. This
method allows a better control of the instantaneous active
and reactive powers, as well as a significant improvement
of the THD. In addition to that, the studied system allows
to restore the balance of the grid currents in spite of the
unbalanced three-phase variable loads. The studied PV-
STATACOM is an efficient solution to improve the
energy quality in the distribution grid.
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