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Abstract

Energy generated by photovoltaic (PV) systems is increasingly seen as an alternative to increasingly scarce fossil
fuels. However, renewable energy systems pose many challenges and have many parameters that need to be
connected to the grid. An LCL filter will help the system filter out high harmonics optimally, but it is disadvantaged
by the filter’s own resonant frequency. Confronting these challenges, this paper presents “research on the use
of passive filters for PV grids to reduce harmonics” system using passive LCL dampers in series and parallel.
The system is modeled using Matlab Simulink, and any radiation intensity and temperature of 25°C always gives
stable power. The results show that the LCL resonator with parallel passive damping, combined with the virtual
resistor active damping filter circuit applied to the system, achieves the best results for harmonic filtering for grid-
connected renewable energy systems.

Keywords: Passive damping; LCL filter; solar photovoltaic (PV); Proportional-Resonant Controllers (PR).

Tom tat

Nguén nang lvong tao ra tir hé thdng pin ndng lwong mét trdi (PV) ngay cang duoc coi la mét trong nhivng gidi
phap thay thé cho cac nhién liéu héa thach ngay cang khan hiém. Tuy nhién, hé théng nang lwong tai tao dét ra
nhiéu thach thirc va cé nhiéu tham sé can dé két néi voi lwdi. Mot bo loc LCL sé gitp hé thdng loc cac séng hai
bac cao moét cach tdi wu, song né lai gap bat loi & tAn sbé cong hwdng clia chinh bo loc nay. Trwédc nhirng van dé
do bai bao nay trinh bay “Nghién ctru st dung bd loc thu dong cho luéi dién PV dé gidm song hai” st dung bo
loc thu déng LCL néi tiép va song song. Hé théng dwoc méd hinh héa bang Matlab Simulink véi cuwéng d6 birc
xa bat ki va nhiét do ludn cho cong suét &n dinh. Diéu nay cho thay bd cong hwéng LCL cé gidm chan thu dong
song song ap dung cho hé théng dat két qua tét nhat dé loc séng hai cho cac hé thdng nang lwong tai tao néi lwdi.

Twr khéa: Gidm chén thu déng; bo loc LCL; ngudn nédng luong mét troi; bd céng huéng ti 16 (PR).

1. INTRODUCTION system stability, particularly under the influence of a
180° phase shift, are still limited. The dynamic response
of these filters under real operating conditions, such as
varying grid strength and inverter control strategies, also
requires further study. Second, while passive damping
methods using series or parallel resistors have been
explored, rigorous comparisons of their effectiveness
under different conditions are lacking. The trade-offs
between resonance suppression, system efficiency,
and power loss remain open research questions that
demand both theoretical and experimental evaluation
[6-9]. Moreover, external factors including climate
conditions, solar irradiance, grid loads, and state-
of-charge variations can affect filter performance,
especially in weak-grid environments [4-6]. This
study proposes an optimal passive damping strategy
using series or parallel designed for grid-connected
photovoltaic (PV) storage systems. The method is
developed through a rigorous theoretical framework to
determine the optimal damping parameters, achieving

- superior resonance suppression with minimal
Reviewers: 1. Prof.Dr. Than Ngoc Hoan performance loss.

2. Dr. Ha Minh Tuan

As renewable energy adoption accelerates, grid-
connected photovoltaic (PV) and storage systems
have become essential for improving energy
efficiency, reducing carbon emissions and enhancing
grid stability. To ensure high power quality, LCL
filters are commonly employed in inverter interfaces
to suppress high-frequency harmonics and mitigate
grid interference. However, their multi-order structure
introduces resonance issues that can cause current
distortion, control instability and significant phase shifts
[1-3]. Addressing resonance issues in LCL filters has
become a major research focus in PV grid integration.
Various damping strategies passive, active, and hybrid
have been proposed to mitigate resonance effects.
However, several challenges remain unresolved. First,
although many studies have analyzed the resonance
behavior of LCL filters, comprehensive investigations
into resonance point identification and its impact on

Tap chi Nghién ciru khoa hoc, Truomg Dai hoc Sao D, S6 1 (93) 2026
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2. PASSIVE FILTER LCL [7]

2.1. LCL filter
L1 L2

s Ry
| |

Compared with the first-order L-filter and the second-
order LC (L) filter, the LCL filter (Figure 1) has a better
filtering ability between the filter and the grid. On
the other hand, the LCL circuit will achieve a signal
attenuation of -168dB/dec at the switching frequency,
and the grid impedance reflected back to the converter
is very small. Therefore, if the resonance is excited,
its oscillation can persist forever, affecting the entire
system. This resonance effect can make the system
current or voltage unstable around the resonance
frequency.

Ceea )

Figure 1. LCL filter

The LC filter transfer function of grid voltage and
inverter input voltage in grid-connected operation
mode is shown in equation (1); the Bode plot is given
in Figure 2.

Transfer function of the LCL filter:
Bode Diagram

Frequency (rad/s): 8.28e+03
Magnitude (dB): -101

Magnitude (dB)

Phase (deg)

o? 10
Freauency (rad/s)

Figure 2. The Bode diagram of the LCL filter

\Y/ 1
H o (S) =

outl __

Vo, SLLC+(L +L,)s (1)

inl

From the transfer function and Bode diagram of the LCL
filter, it can be seen that at the resonance frequency,
there is an infinite gain, which may lead to anomalies
in the grid current or voltage and cause instability to
the system. The simple solution is to add a resistor
in series with the inductor or in series or parallel with
the capacitor, because the capacitor current has the
greatest influence on the resonance of the LCL filter
circuit. In the article, the author proposes two passive
dot reduction methods.

2.2. LCL filter with series passive damping

Applying Kirchhoff’s law, the filter model in the s-plane
has the following equations:

vi-v =i(sL,+R) (2)
VTV, = ig(SLg + Rg) (3)
L1
Ve = lc(s_cf + Ri) (4)
Li Ry ; . Ry Lg
i g
iC
v, A Cr Vg
R

o

Figure 3. LCL filter with series passive damping

Transfer function of the LCL filter with series passive
damping:
i(s
H (s)= :(5) (5)
vi(s)
From equations (3) and (4), the following relation can
be written:

. 1
Iy (SLg+Rg):lc (5"'&:} (6)
£
2
i i s"C,L, +sCR, @
¢ F sCR, +1

Equation (2) can be written as:
v=v +i(sL+R)
vi = ig(sLg + Rg) + (ig + i) (sLi + Ry) ®)
s°C,L, +sC.R
v, =1, (sL, +R, )+ (i, +i, ——5—T—5)(SL, +R,)
R

9)

sL, +R,)(s’C,L, +sC,;R
vi=ig[ng+Rg+sLi+Ri+( HR)ETCL, 5 g)]

sC;R, +1

Bode Diagram

Magnitude {dB)

Phase (deg)

100

w0t 1
Frequency (radls)

Figure 4. The Bode diagram of LCL filter with series
passive damping

X

Hia(s)= 5 (10)
Where:

X=sR.C; +1

Y =S'LLC, +5°Cp (L, (R, +R;)+L, (R, +R, )+

(Li+L, +C (RR, +RR +R,R,))s+R; +R,

6 Tap chi Nghién ctru khoa hoc, Trudng Dai hoc Sao Do, 56 1 (93) 2026
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The Bode plot is shown in Figure 4. As shown in
Figure 4, by increasing the series resistor value in
equation (10), the damping effect suppresses the peak
resonance better. The gain at the resonance frequency
is significantly reduced.

2.3. LCL filter with parallels passive damping

Figure 5. LCL filter with parallels passive damping

Similar to the calculation of the series damped LCL
circuit, we have the transfer function of the parallel
damped LCL circuit:

A(s)

H o (s)= B(s) (1)
Where:
A(s) =1

B(s) = s°L;L,Cr + s*(CrLyR. + CiR.L; +
CiRyL; + RcLiLy + LyRiCy) + s(R.R,Cr +
R.R;Cq + R.RyL; + R.R;Ly + RyR;Cf) + R.RyR;

Equation (11) is the current frequency response of
the capacitor, which basically carries a small resonant
component; the switching attenuation is also smaller
than that of the LCL circuit, as shown in the Bode
diagram in Figure 6. As shown in Figure 6, we can
see that with the same parameter value of the LCL
filter circuit as the series resonant circuit, the parallel
resonant circuit gives a more stable gain at the
resonant frequency, and the damping effect of the
peak resonance is better.

Bode Diagram
50 ——

Magnitude (dB)

Phase (deg)

-180

10 10 10% 10
Frequency (radfs)

Figure 6. The Bode diagram of LCL fifter with parallels
passive damping

Table 1. Quantitative passive harmonic filter comparison
[2, 5, 6].

i THD, at THD, at | High-frequency at-
Fliter Type inverter output grid | tenuation (dB/dec)
LCL (S_enes 3-4% 1.5-2.5% —60 dB/dec

damping)

LCL (Paral- 2:3% 1-2% —60 dB/dec
lel damping)

ALSTIETED inve.ll'-tg?loittput ngldat :;g::t:zﬁu(?ig%::;
L 35-45% 10-15% —20 dB/dec
LC 20-30% 5-8% —40 dB/dec
Trap 15-25% 3-6% —40 dB/dec

3. THREE-PHASE SYSTEM CONNECTED GRID
3.1. Block diagram of the system

Boost L T

converter

Grid

Inverter filter

al o " o
117% _7" .
Figure 7. Block diagram of three-phase grid-
connected system[8]
PV array

Photovoltaic modules are used to convert solar energy
into electricity and series and parallel connections of
modules form a PV string. The solar panel array, with
varying irradiance and temperature of 25°C. There are
I-V, P-V characteristic curves as shown in Figure 8.

As shown in Figure 8, the output voltage of the solar
panel is maximum when the circuit is open. As the
output current of the solar panel increases, the output
voltage of the solar panel decreases non-linearly. As
the solar radiation increases, the characteristic curves
change from green to red. The open circuit voltage
and short circuit current that create the maximum
output power increase. Because the output current
and voltage of the solar panel change non-linearly, the
output power curve of the solar panel will change in a
“hill” shape when the load changes, Figure 8b.

Loai pin: Innotech Solar ITS215XXXX;
6 modules néi tiép; 3 chudl seng song
YT .
X 177.12
Y2184

_ _\:‘;\

‘E‘ 15 2
10 0.5 kWim'
(5]

01 KWImE

0 50 100 150 250
Voltage (V)
a0l T @ ian 2
3 X177.12
[ v ’__7__: Y 3868.3
z Ny
g g
p—r 1 vl
50 100 150 200 250

Voltage (V)

Figure 8. a. I-V characteristic of PV; b. P-V
characteristic of PV

Boost converter

The boost converter takes the PV output current and
voltage signals and sends them to the Maximum Power
Point Tracker (MPPT) to generate a reference signal.
The reference voltage generated is compared with
the actual voltage generated by the PV to generate
an error voltage. This error voltage is sent to the Pl to

Tap chi Nghién ctru khoa hoc, Truomg Dai hoc Sao Do, S6 1 (93) 2026 7
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generate the reference voltage. The reference signal
is sent to the PWM generator to generate the control
signal for the converter.

@

v Plisy"!
, e
— : ™I MPPT

@—I—« SR e =<2
Connl + Ve
-' 5

Py —
F

o)
'—ﬂsm .
T

CED
Figure 9. Boost converter

MMPT and P&O algorithm

Tim V1 va V2

dP= P(k)- P(k-1)
V= V(K)- V(k-1)

D(k)=D(k-1)+dD

[ D(k)=D(k-1)+dDH D(k):D(k-ﬂ-dDH D(k)=D(k-1)-dD]

Figure 10. P&O algorithm

To improve the efficiency of solar panels, the author
added an MPPT controller to control the optimal power
from the solar panels. This controller helps the system
to collect the highest amount of energy from the solar
panels. To achieve this requirement, the author uses
the P&O algorithm, with the control diagram shown in
Figure 10.

Based on the current I(k) and voltage V(k) at the kth
time, calculate the power P(k). Then compare with
the power at the previous time k-1, we have AP=P(k)-
P(k-1). If AP=0, then AV=0, then keep the impulse the
same. If AP>0 and AV<O0, then increase the impulse
by AD. Conversely, if AP>0 and AV>0, then reduce
the impulse by D. If AP<0 and AV<0, then reduce the
impulse by AD. Conversely, if AP<0 and AV>0, then
increase the impulse by AD.

Voltage controller

abc
>80 [Vd]
apo dq0
T e

Figure 11. Voltage controller

In Figure 11, the three-phase voltage V,, is converted
to the two-phase voltage alpha beta by the Park
transformation. This voltage, through the Clark

transformation, forms the voltage d,; this voltage,
through the demultiplexer, creates Vq; V,

Current controller

Y m

Figure 12. Current controller

In Figure 12, three-phase current labc is converted to
alpha beta voltage, converting alpha beta current to

voltage Iq, Id.
Phase-Locked-Loop (PLL)

The PLL block in Figure 13 is responsible for generating
a reference signal for the current controller in the grid-
connected inverter. PLL generates a signal that is 90°
degrees out of phase with the actual voltage. The three-
phase voltage V,, is converted to alpha beta voltage,
then converted to dq voltage in Figures 11 and 13.

Ug
—%@—» Pi(s)

0

o>

“l
g

[wi]

2*pi

Figure 13. Diagram of PLL

B axis p
\

p axis

- » Aaxis
o axis

C axis
Figure 14. Synchronous reference frame graph of
phase current

In Figure 14, adjust the reference voltage Ugrer™ 0, the
phase diagram will adjust ud to coincide with the d
axis, ot is the phase angle between alpha and the d
axis. The voltage U, and u,.are sent to the adder, and
to the PI; the output signal is sent to the integrator to
generate ot. This signal is used to generate the active

and reactive components.
Control inverter

Control Inverter

Figure 15. Control inverter

The active current id and reactive current iq generated
from the current controller are fed to the subtractor with

8  Tap chi Nghién ctru khoa hoc, Trudng Dai hoc Sao Do, 56 1 (93) 2026
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the reference current idref, igref to find the error. The
error is fed to the PI controller to find the voltages u,
and u_. Then, u,is added with E + Lwi_to getv,, where
o is the grid frequency and L is the filter inductor.

Similarly, u_is added to E- Loi to get V- For the
sinusoidal PWM modulation scheme, the relationship
between the modulatlon index and the inverter voltage
is given by vy = mq-~2¢ and vq = mq- Yde Therefore,
multiply v, and v, by Vdc to get E, and éq Then, it is
converted toV,, voltag2e to get the reference for PWM
generation.

PWM generator block

Uses a sinusoidal PWM scheme with unipolar switching
to generate pulse signals PWM1 to PWM6 to control
the inverter.

Discrete
1e-06 5.
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3.2. Simulation diagram on Matlab/Simulink

In Figure 16 is a simulation diagram using Matlab
Simulink of a three-phase grid-connected photovoltaic
system using a passive damping LCL filter circuit with
the following selected parameters:

Irradiances: [2000 1800 1000 750], temperature: 25°C.
Boost converter: f_, = 5KHz, L= 1.45 mH, C = 3227 uF.

LCL filter: To generate nominal power is 100 KVA,
f,=10Khz, fgri ,= 90 Hz. Choose the parameters of the
LCL filter change. L= 500 pH, Lg= 150 uH; C,= 100 pF,
R. Rg, R, change.

Inverter: f_ = 10KHz.

Grid: V._= 400V, f =
L. = 0.0001e-9H.

50Hz, R ,= 0.00001e-3 Q,
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Figure 16. Simulation diagram on Matlab/Simulink [8]

4. SIMULATION RESULTS, ANALYSIS
4.1. Simulation results

Results 1: LCL filter with parallels passive damping.
+Case : R=R =R =10°Q
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Figure 17. Voltage, current signal on the inverter
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Figure 18. Voltage and current signal on the grid

+ Case 2: R.=R =R =10"Q
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Figure 19. Voltage, current signal on the inverter
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Figure 20. Voltage and current signal on the grid

Results 2: LCL filter with series passive damping.
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+ Case 1: Ri=Rg=RC=1O'3Q.
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Figure 21. Voltage, current signal on the inverter
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Figure 22. Voltage and current signal on the grid

+ Case 2: R=R =R =10"Q
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Figure 23. Voltage, current signal on the inverter
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Figure 24. Voltage and current signal on the grid

Table 2. Voltage, current and grid power values when
parallel damping resistance changes

No " Rein paraetwitn G, V¥ a8 Ponl)
1 R=R=R=10°Q 282,8| 6918 | 1,957.10°
2 R=R =R =10?Q 282,8 5873 |1,661.10°
3 R=R=R=10"Q 282,8| 362,3 | 1,025.10°
4 R=R=R=1Q 282,8| 0,9753| 275.8
5 R=R=10°Q, R =1e-4 | 282,8| 6927 | 1,959.10°
6| R=R=10°Q,R=1Q |2828| 3.914| 1107
7 R=R=10°Q, =10Q 282,8 |-11,91 -3369
8 | R=R=10°Q,R=5Q 2828 -11,34 | 3208

Results 3: LCL filter circuit damping at resonance
frequencyThe resonance frequency of LCL filter is:

When L, = 500 pH, L, = 150 pH; C; = 100 pH the
resonance frequency is f_ = 1481.651886Hz.
Select grid frequency by resonant frequency is
f=1481.651886Hz; and voltage is V,__ = 20V.

Signal on the grid when C, R series and R = R =
R.=10°Q.
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Figure 25. Voltage, current signal on the inverter
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Figure 26. Voltage and current signal on the grid

Signal on the grid when C, R_ parallels and
R=R =R =1 03Q.
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Figure 27. Voltage, current signal on the inverter
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Figure 28. Voltage and current signal on the grid
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4.2. Analysis

Results 1 and 2: Figures 17-20 show inverter and grid
signals, with the inverter output containing high-order
harmonics. The LCL filter removes these harmonics,
producing smooth sinusoidal grid voltage and current.
Figures 10 and 20 indicate that different damping
resistances cause different grid currents, while grid
voltage remains stable. Figures 21-24 show that
the series-damping LCL filter provides strong high-
frequency attenuation. The resulting grid signals are
smooth sine waves. Its noise-filtering performance
is comparable to the parallel-damping LCL filter.
However, the series-damping filter yields lower output
current and thus lower grid power.

Results 3: Figures 25-28 show that at the resonant
frequency, both series and parallel passive-damped
LCL filters provide excellent filtering, producing smooth
and undistorted voltage and current signals. This
confirms that the LCL filter achieves highly optimal
filtering quality for three-phase systems.

Results 4: Table 2 shows that varying the parallel
damping resistor changes grid current, phase, and
power. Since P =3Vl cosp, the value of the
resistor branch RC directly affects the total grid current
magnitude and phase, thereby altering grid power. Grid
current and power are inversely proportional to the
damping resistor value. Just by changing R, cos¢ can
change sign, leading to a positive or negative power.

5. CONCLUSIONS

In the article, the author has researched, simulated, and
proposed a model for connecting a photovoltaic system
to a three-phase grid using passive LCL dampers.
The simulation results have given the following three
conclusions: first, the three-phase signal on the grid
has a smooth sinusoidal form, with no noise in both
current and voltage signals when using an LCL filter
with series or parallel dampers. Second, the author
also gave a comparison result on the optimization of
the parallel damper compared to the series damper,
which is to give larger output power and current with
the same value compared to the series LCL filter. Third,
with different damping resistance values, different load
currents, and different grid powers will be obtained.
From the above three conclusions and during the
research process, it can be concluded that the LCL
filter with parallel dampers provides optimal filtering
quality and large, simple capacity. However, this filter
circuit also has the disadvantage of increasing heat
loss, leading to high cost due to the design of the heat

THONG TIN TAC GIA
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Trwdng Pai hoc Sao Dé.

dissipation system. To overcome this disadvantage,
active dampers can be used and this is also the
author’s next development direction.
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