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Abstract

The new control strategy presented in this paper focuses onimproving the capacity of active harmonicfilteringin agrid connected
PV Power Station (PVPS). The PV field is connected to the grid through a PCS (Power Conditioning System: boost chopper + DC-AC
PWM converter). Based on the nominal PVPS power value, reactive power and harmonic currents generated by the nonlinear
load can be compensated. The proposed approach is applied to the grid-side converter to realize flexible active power injection
and, at the same time, improves power quality at the CP (Connecting Point) by compensating reactive power and ensuring active
filtering of the 5" and 7t harmonics without reaching the reactive current limit. To guarantee high optimal filtering results of
these specific harmonics, a harmonic isolation method based on a High Selectivity Filter (HSF) is employed. This allows the
electrical grid to supply only sinusoidal currents under a constant power factor. In this work, to improve the capacity of the PV
inverter in terms of harmonics mitigation, it is suggested to suppress instantaneously the high-order harmonics (the 5% and
7™ harmonics) if possible; otherwise, the specific compensation of current harmonics is canceled. Under normal conditions,

the simulations have been carried out and show that the studied PVPS can operate at its optimum energy, and power quality

enhancement is achieved through the integration of a specific harmonic filtering algorithm.
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1 Introduction

Global population growth and industrial development have
increased energy demand. Over the past decade, to mitigate
the effects of pollution on the environment, great effort has
been concentrated on green energy development, includ-
ing wind and solar. Grid-connected PV power stations are
becoming more popular due to their significant benefits over
other PV systems, including cost-effectiveness, low main-
tenance, and reliability. Compared to off-grid solar PV sys-
tems, this type of solar energy system allows for decoupled
control of active and reactive power to enhance grid power
quality [1, 2]. This is possible because grid-connected PV
systems can exchange power with the utility grid, allowing
the PV inverter to manage both the real power delivered to
the grid and the reactive power injected or absorbed for volt-
age control and stability. Elsewhere, modern solar energy
conversion systems (SECSs), integrating nonlinear loads like
power electronics, are controlled to generate active power

for the grid and simultaneously improve grid power qual-
ity by minimizing harmonic voltage and current distortions
using different techniques, such as the installation of passive
filters, such as shunt and series filters, and active filtering,
which has now become a mature technology for harmonic
and reactive power compensation. They also ensure service
continuity during any type of fault to maintain grid stabil-
ity and reliability [3, 4]. Due to their high efficiency, power
electronic converters can be used to provide certain auxiliary
services (absorption or injection of reactive power to achieve
voltage, control and compensation of harmonic currents) [5].
Recently, many researchers have studied how SECS convert-
ers, placed between a PV generator and the grid, can improve
power quality by mitigating harmonics and addressing voltage
fluctuations. In Reference [6], Ibrahim et al. have improved
the power quality of a grid-integrated solar PV by attenu-
ating harmonics using a SAF (Shunt Active Filter). In this

Cite this article as: Ouai, A. "Achieving Specific Compensation of Current Harmonics in Grid Connected PV Power Station Under Limited Reactive Current",
Periodica Polytechnica Electrical Engineering and Computer Science, 2026. https://doi.org/10.3311/PPee.44126


https://doi.org/10.3311/PPee.44126

https://doi.org/10.3311/PPee.44126

mailto:a.ouai%40lagh-univ.dz?subject=

2 | Ouai

Period. Polytech. Elec. Eng. Comp. Sci.

work, the SAF control is based on d-q theory, while the PV
system generates power from the sun and injects it into the
grid. In [7], to obtain a high-quality grid voltage waveform,
a new technique was proposed for selective voltage harmon-
ics compensation at the CP. Harmonics filtering operation is
ensured by controlling the DG (Distributed Generator) inter-
face converters. The PV system presented in [8] is controlled
for working in MPPT mode under unbalanced voltage con-
ditions using a fuzzy logic controller, while harmonic miti-
gation and reactive power compensation are simultaneously
achieved through a SAPF. In [9], a new control algorithm for
PV system energy management was suggested by Ouai et al.,
which ensures simultaneous active power production, reac-
tive power control, and grid current harmonics compensa-
tion within its power capacity. Moreover, a coordinated sys-
tem of passive and active filters was used in [10]. The active
filter was employed to mitigate the current harmonic distor-
tion from nonlinear loads, while a passive filter was specifi-
cally designed to remove the 5" and 7"harmonics. In[11], the
PRES compensator is used with an active filter to reduce grid
current harmonics in the PV array plant. In addition, the har-
monics produced by the DC-DC converter of an off-grid PV
system were mitigated by placing an LC filter, which is a type
of passive filter [12]. In another study, to suppress unwanted
harmonics generated by a nonlinear load connected to a dis-
tributed generation system within standard limits, two types
of filters (passive and shunt active filter) were employed [13].
In Ref. [14], a PV system is controlled for MPPT produc-
tion and power quality enhancement using an improved DPC
(Direct Power Control) strategy and a SAF. This control strat-
egy uses a PI controller for DC bus voltage regulation, com-
bined with a fuzzy logic MPPT controller. An Adaline algo-
rithm, a type of neural network, is used to identify current
harmonics from a modeled nonlinear load. In [15], an LMF
(Least Mean Fourth)-based algorithm was used in a solar PV
plant to enhance power quality by reducing harmonic distor-
tion in grid currents and voltages, helping the system meet
the standards of IEEE-519 [16]. At the last, an LCL filter is
used to suppress high-frequency harmonic currents from PV
inverters, and this filtering works effectively even under par-
tial shading conditions [17].

In the above cited-papers, the DC-AC PWM converter's
capacity, in terms of harmonics compensation of the 5%
and 7" predominant harmonic components under limited
reactive power, has not yet been evaluated.

This paper presents a new control strategy for a PVPS
to achieve both active power generation and simultaneous
power quality enhancement. This last is applied to the PV

inverter; it allows immediately compensating for reactive
power, filtering the 5" and 7" predominant components of the
nonlinear load at the CP without reaching the inverter's reac-
tive current limit, if possible. Otherwise, the compensation is
canceled, while the PVPS is controlled to achieve an active/
reactive power injection with a stable DC voltage.

Simulation results are used to investigate the feasibility

and viability of the proposed control strategy for mitigating
specific current harmonics. In brief, the main contributions of
this paper are as follows:

* A new algorithm is developed for compensating
reactive power and filtering the specific harmonic
components (the 5" and 7" harmonics) without PV
inverter overrating.

* The filtering operation of specific harmonic compo-
nents is omitted when the reactive current limit is
reached due to reactive power injection.

» Validation of the proposed approach's effectiveness
through simulation tests performed with and without
reaching the reactive current limit.

The paper is structured as follows: The first section
reviews the power quality enhancement issue in photovol-
taic systems by discussing various control strategies used to
mitigate harmonics and address voltage fluctuations, along
with the paper's main contributions. The second section
presents the detailed configuration of the Hokuto solar sta-
tion, the reasons for choosing this mega solar plant, and the
modeling part and shows the schematic scheme of the pro-
posed PV inverter control for power generation and specific
harmonic mitigation. The third section details the proposed
harmonic isolation technique based on the HSF. The fourth
section discusses the new approach developed to improve
the capacity of PV inverter harmonic current compensa-
tion. Finally, the fifth section validates the proposed control
model through simulation, demonstrating its effectiveness
under different operating scenarios.

2 PVPS configuration and operating principle
The PVPS under study is about the second stage 1.2 MW
system of the Hokuto solar station, which was installed at
the end of 2009. It was selected due to the availability of
technical characteristics and its suitability as a model for
large-scale PV systems. Fig. 1 represents the system config-
uration of this mega-solar plant [18].

This research focuses on controlling a LS-PCS (Large
Scale-Power Conditioning System) 400 kW PV inverter
to enhance the electrical grid power quality. The LS-PCS's
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Fig. 1 The studied PVPS configuration [18]

electrical properties and the 400 kW PV inverter are detailed
in Table 1 and Table 2, respectively [18, 19].

However, the schematic diagram of the proposed
400 kW PV system, including a nonlinear load, is shown
in Fig. 2 and is coupled at the CP.

Table 1 LS-PCS electrical characteristics [20]

Parameter Value
Output power (S, P) 420 kVA /400 kW
AC output voltage 420 V £10%
DC input voltage 230-600 V
Switching frequencies 4-6 kHz

Conversion rate from 30% to 100%

. Power optimization

Control operations ) )
Harmonics suppression

Table 2 330TS-SV inverter parameters [21]

Parameter Value
Dimensions (H x W x D) 200 x 120 x 80 cm
Weight 1200 kg
Max. DC voltage 900 V
Nominal AC power 400 kW
Max. efficiency 98 %
Operating temperature —20a+40°C
/\Ij'i" O CP P Og
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L 1
?v. TTVP‘ converter T V- ([

i— 420V/6.6kV/

Current

11

Oref Prer

Fig. 2 Proposed PV inverter control scheme for power control and

specific harmonic elimination
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The voltages of the electrical network's bus bar can be
expressed as follows [22]:

Vea (1) =V, cos(wt)

2
v (1)=V, cos(a)t+?ﬂj M

27
Ve (1) =V, cos(a)t _Tj

Where ¥ is the maximum phase voltage and w is the

grid angular frequency.
In addition, Egs. (2) and (3) [23] describe the voltages
and currents that result from using the dg control.
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Thus, the powers of the PV system that are provided to

the grid are determined by [24] as follows:

P, =%(vdid +vqiq)» )
0, :%(vqid +v i) )

From Egs. (4) and (5) of the PVPS model, the PV
inverter control diagram presented in Fig. 3 is directly
derived. Proportional integral (PI-1 and PI-2) controllers

P J j“ ref
—*b@»\i'_' dg —— CP
T ib_ref|  Current 3 PV
Pnf ™ coniroller ?ﬁl Inverter B
fq-rem.ﬂ’f ic
T . F 3
labe
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Fig. 3 Control of the PV inverter
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have been designed to control active and reactive power
levels delivered to the grid.

In this study, to achieve strong filtering capability, modifi-
cations must be applied only to the PV inverter-side current
controller. A three-phase non-linear current controller known
as the "modulated hysteresis current controller" is selected to
maintain a fixed IGBT switching frequency.

3 Harmonic isolation technique

Diverse methods exist for extracting harmonic reference
currents, which can be principally categorized into time-
based and frequency-based techniques [23].

3.1 Highly selective filter

An HSF, which is a filter suitable for precisely extracting on
the (a—f) axes the specific harmonic to be mitigated from
other frequencies. The HSF is defined by the following gen-
eral equation [23]:

H(s :xaﬁ(s):k (S+k)2+J.a)C , (6)
Xop (5) (s+k) +jo;

where x_ , term of the analyzed signal is provided by:

5 (8) =%, (8) i3y (5). )

Additionally, X 20
nent, which is determined by:

Xop (s)=x, (s)+j><)?p (s)- 8)

Notice that, for s=j.«_, the module of H(s)=1, correspond-

represents the (a—p) filtered compo-

ing to a gain of 0 dB while the phase shift is zero. According

to Egs. (6)—(8), it can be shown that X and X X, are [25]:

- k .

X (S)Z;I:XQO (s) s)]—%xﬁ (s) )
. k N . A

5 () =L () =5 (5)] £ 4, (s) (10)

Fig. 4 shows the block diagram of the HSF tuned to the
o, pulsation [26]. This filter operates similarly to a sec-
ond-order tuned oscillator.
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Fig. 4 The w_pulse-tuned HSF

The three-phase nonlinear load currents (i, , i, and

i ) are transformed using the Clarke transformanon
function in the suggested harmonic isolation technique.
As aresult, the two-phase nonlinear load currents (i, W)
are converted as follows [27]:

1 ! ! i
. A A nla
e :\E. 22 (11)
Tnip 3 0 \/g _ g i
2 2 nlc

The principal benefit of the examined HSF is that it
directly draws the first harmonic or a specific order har-
monic of a current from the following equations define
the (a—,b’) axes:

fute [lnla ~hta ( ]_—l 5 ( (12)

5 k s P
g (5) = ;[inw (5)=ta(5)] _%in,a (5)- (13)

Observe that i;[a and ’;m in Egs. (12) and (13) might rep-
resent either the fundamental harmonic or a specific har-
monic element of the current.
in the

At last, the two-phase currents (i, and i

)
nlfp
(d—q) reference frame are expressed using the Park

Transformation (PT) as follows:
?;nld _ 005.(0) sin(0) inla 1)
Luig —sin(0) cos(6) || tup

3.2 Specific harmonic elimination strategy

The polluting currents include direct and reverse har-
monics of the (6 m + 1) order, which are 5, 7, 11, and 13.
Indeed, HSF provides the following expression [23] for the
off components of a specific harmonic of order (6m+&):

%[inla (S) - inla(6m+C) (S):| Bl

inla(6m+g) (S) =

wc om+() .
- %ln[ﬂ(ﬁmﬂj) (s)

. kr. .
Laip(m+¢) (s)= ;|:lnlﬁ (s)- Laip(em+¢) (S)] -

wc 6m+¢) .
¢ Mlnla(ﬁm-*—cj) (S)

(15)

From Eq. (15), the HSF parameters can be defined
as follows:
» m: Positive integer, m=1,2,3,....
* k: Gain of HSF.
* o (6m+{): Angular frequency of the specific har-
monic to be extracted (5" or 7%)



In our study, the 5" and 7" harmonics are both identified
simultaneously. Fig. 5 clearly shows the identification dia-
gram of the 5" and 7" harmonic currents based on the HSF.

4 A new control strategy for improving PV inverter
harmonic currents compensation capacity

The PVPS's power capacity depends on its current limit
1,,,, that can be determined by the following expression:

P: 102
e Qinr. (16)
cP
Where P, and Q, . represent the real and reac-

tive power limits for a given working point. Therefore,
Eq. (17) is used to compute the limit value of reactive
current that can be used for reactive power and harmonic
currents compensation:

[q—reacrefLMT = \/[LMT - ]d—acrefLMT : (17)

In order to modify the PV inverter control for enhanc-
ing the grid power quality by filtering the specific harmon-
ics of the 5™and 7" with no over-rating, it is suggested in
this research paper to provide the new resulting references
1, and I, for real power generation, reactive power
injection, and harmonics filtering by using the following
proposed approach:

First case, if the reactive power current reference Iq

—reacref

verifies:
1 gq—reacref 21 q—reacrefLMT * (18)

In this case, the PV inverter is exceeding its limit for reac-
tive power compensation; it can only compensate a portion
of the required reactive power and therefore the resulting ref-

erences / p andI  become:
~ref g-ref

Id—ref = Id—acref
I =+] : (19
q-ref — —*q—reacrefLMT
Second case, if Iq-reacref verifies:
I g-reacref <I q—reacrefLMT * (20)
: : T Tntdsre
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Fig. 5 Identification of the 5" and 7" harmonics d-g references using HSF
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This indicates that a part of the reactive cur-
rent is disponible, it could be utilized for harmonic
filtering operations. The proposed specific harmonic com-
pensation strategy aims to compensate instantaneously for
the entirety of the 5" and the 7" predominant harmonic com-
ponents, if it is feasible. If not, the harmonic compensation
operation is cancelled. In the following, the details of the
solution scenarios:

The first scenario occurs if:

2 2
\/(Idfacref + Inld57ref) + (]q—reacref + Inld57ref) < ILMT' (21)

Under this circumstance, the PV inverter is able to com-
pensate the required reactive power and filter the entire 5"
and 7" dominant harmonic components.

As a result, the total current references of the whole
control system, /,  and I, can be written as:

Id—ref = Id—acref + Inld57ref (22)
Iq—ref = ]q—reacr(;f + Inlq57ref

In the second scenario, we have:

2 2
\/([d—acref + In1d57ref) + (]q—reacref + Inld57ref ) > ILMT . (23)

According to last inequality, it is clear that both 5" and
7% harmonics cannot be compensated without avoiding
excessive PV inverter over-rating.

Consequently, the specific harmonic elimination pro-
cess is canceled. And the Eq. (22) can be simplified as:
{]dref = [dfacref

s 24

q-ref 1 g-reacref

Fig. 6 illustrates the modified block diagram for the
proposed PV inverter control technique. It displays the
adjusted version of Fig. 2.

and /

The new specific filtering references 7, iSTref algSTref

are shown in bold red.
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Fig. 6 Modified PV inverter control containing specific

harmonic mitigation
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5 Simulation results

The simulation tests were performed in the MATLAB
environment [28]. The suggested control approach is
tested for a 400 kW LS-PCS under different operating con-
ditions, whose electrical parameters are shown in Table 1.

To improve filter selectivity and dynamic performance, &
was selected to be 5 for the two HSFs employed for the iso-
lation of the specific harmonic currents (the 5" and 7%), see
section 3. 2. The switching frequency f; is set as 5 kHz for
the hysteresis current controllers of the PV inverter.

The whole load powered by the studied PVPS is a
diode-rectifier non-linear load circuit with an induc-
tive-resistive load. Table 3 defines the parameters of our
simulation study.

5.1 Reactive power and specific harmonic components
compensation without reaching the reactive current limit
In the first section, reactive power control and filtering
the whole specific high-order harmonics (the 5" and 7%
harmonics) without exceeding the reactive current limit
L acrepiier AT€ examined.

In this simulation, a 38 kVar reactive power compensa-
tion and an injection of 200 kW active power are considered
(P,~200 kW, 0. ~38KVar, Q/P=0.19), as shown in Fig. 7(a).

It should be noted that the reactive power limit value
can be utilized to compensate reactive power and har-

monic currents is about 170 kVar (Q,, =170 kVar), as

LMT
mentioned in Table 3.

Fig. 7(b) shows the current waveform of the considered
non-linear load i , (¢) of 100 kW connected at PC, and its cal-
culated value of THD is about 30.58%, as shown in Fig. 7(c).

The waveforms of the grid current iga(t) at PC with and
without a specific harmonic filtering strategy are shown in

Fig. 7(d) and Fig. 8(a), respectively.

Table 3 Parameters used in simulation study

Parameter Value
U =420 V (line to line)
Grid
f=60Hz, o=376.8 rad/s
V,.=600V
PV inverter f.=5kHz
P =400 kW, Q=220 kVar
HSF gain k=5
Harmonics considered 5" and 7"
P, =200 kW
Working point power limits ’
0,7 =170 kVar
Nonlinear load 100 kW
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Fig. 7 Simulation results without the proposed specific harmonic filtering
strategy: (a) Active and reactive power injection; (b) Non-linear load
current i (¢); (c) THD of i (¢); (d) Waveform of grid current im(t);
(e) THD of i (#)
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Fig. 8 Simulation results with the proposed specific harmonic filtering
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The performance of the proposed approach is evaluated
though THD analysis. It proves that the grid current THD
is reduced from 7.61 to 5%, as shown in Figs. 7(¢) and 8(b).

As a result, the RMS values for the 5" and 7" dominat-
ing harmonic currents have decreased from approximately
0.71 A to 0.24 A and from 0.46 A to 0.32 A, respectively.

Also, one can notice that the harmonic currents RMS
of the other ranks (like the 11", 13% 17" or 19'") remain
unchanged after compensation.

In this case, the PV inverter performs reactive power
compensation and filters the most dominant 5" and 7" har-
monic components.

5.2 Reactive power and specific harmonic components
compensation under a reached reactive current limit
5.2.1 Reaching the reactive current limit under reactive
power injection

In this case, the PVPS is required to compensate a reactive
PV inverter power reference of 250 kVar and to filter the
5%and 7" harmonic components.

Figs. 9 and 10 illustrate the obtained simulation
analysis results with and without specific harmonic
current compensation.

Under this operating condition, the reactive current
limit L E—— is saturated for only reactive power injec-
tion (250 kVar > Q,, ).

Then, the PV inverter is controlled to inject 200 kW of
active power and compensate only 170 kVar from 250 kVar.

Magnitude {A)

0 — D S | — — ... c— — .
0 5 10 15 20
Harmonic order

(b)
Fig. 9 Simulation results without the proposed specific harmonic filtering
strategy under a reached reactive current limit due to reactive power

compensation: (a) Waveform of grid current igu(t); (b) THD of igu(t)
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Fig. 10 Simulation results with the proposed specific harmonic filtering
strategy under a reached reactive current limit due to reactive power
compensation: (a) Waveform of grid current iga(t); (b) THD of igﬂ(z)

Therefore, there is no compensation of the harmonic
currents injected by the nonlinear load.

After the harmonic filtering operation, as can be observed
from Fig. 10(a), the grid current becomes more distorted if
compared with its pre-filtering waveform (Fig. 9(a)).
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According to grid current FFT analysis, as shown in
Figs. 9(b) and 10(b), after compensation the fundamen-
tal component value of the grid current is reduced from
388.43 Ato 319.92 A, and consequently the THD level is
increased from around 5.07% to 6.38%.

5.2.2 Reaching the reactive current limit under specific
harmonic components filtering
As mentioned before (see Section 4), the reactive current
command can be reached due to the harmonic suppression
current command.

This situation of current command saturation is studied
in the following section.

In this test, the active power reference, P, , is always
set to 200 kW while different step changes in the reactive
power reference Qrej are applied, as shown in Fig. 11(a).
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©

Fig. 11 Simulation results without the proposed specific harmonic filtering

strategy under a reached reactive current limit due to harmonic components
filtering: (a) Different step changes in the reactive power Q; (b) Waveform

of grid current _(#); (c) PV inverter current command
ca

At =0.05 s, the reactive power at the output of the PV
inverter is stepped from 80 kVar to 140 kVar and from
140 kVar to 168 kVar at /=0.1 s.

In addition, the grid current iga(t) waveform and the PV
inverter current command response for different values
of reactive power should be injected into the grid without
harmonic current compensation are shown in Figs. 11(b)
and (c) respectively.

With PV inverter specific harmonic compensation, for
1<0.1, the grid current quality is improved by compensating
the reactive power and filtering the main current harmonics
(the 5™and 7™) as can be observed in Fig. 12(a).

But, where Qref:168 kVar is performed at +=0.1 s, reac-
tive power injection is achieved because it is below the
maximum (170 kVar). Therefore, there are 2 kVar that
may be exploited for active harmonic filtering. This frac-
tion is not sufficient to suppress both 5"and 7" harmonics,
so the PV inverter current command reaches the saturated
zone, as shown in Fig. 12(b). Based on this analysis, from
=0.1 s, it is evident that specific compensation of current
harmonics is cancelled and PV inverter current commands
are decreased to (I, =I and I =I

d-ref ~d-acref q-rej
active and reactive power injection.

) for only
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Fig. 12 Simulation results with the proposed specific harmonic filtering
strategy under a reached reactive current limit due to harmonic
components filtering: (a) Waveform of grid current iga(t); (b) PV inverter

current command



6 Conclusion

This paper has proposed a novel approach for power qual-
ity enhancement of a grid-connected PV power station. The
study's objective is to instantaneously suppress the 5" and
7" most significant harmonic currents; if this is not possible,
the filtering process is canceled. However, the PV inverter is
controlled to achieve active and reactive power injection and
to improve the capacity of active harmonic current compen-
sation without reaching the reactive current limit. Firstly, the
block diagram of PV inverter active/reactive power injection
control has been presented. Then, we focused particularly
on a specific harmonic compensation strategy. To improve
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