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COMPARATIVE EVALUATION OF LCL FILTER DAMPING STRATEGIES FOR
BIDIRECTIONAL EV ON-BOARD CHARGERS
UNDER G2V AND V2G OPERATION

This paper presents a comparative evaluation of passive and active damping techniques for LCL filters in
bidirectional onboard chargers (OBCs) used in electric vehicle (EV) applications. The investigated system consists
of an LCL-filtered Active Front-End (AFE) converter, an 800 VV DC-link, and a bidirectional non-isolated DC/DC
stage interfacing with a 360 V lithium-ion battery, enabling both Grid-to-Vehicle (G2V) and Vehicle-to-Grid
(V2G) operation. The LCL filter is designed to satisfy harmonic attenuation and reactive power constraints, with
the resonance frequency targeted near 1.2 kHz. Three passive damping approaches—series, parallel, and R—-C
branch damping—are analysed and compared with active damping based on capacitor-current feedback. Transfer-
function modelling and Bode-plot analysis are used to examine resonance characteristics, while time-domain
perturbation tests in MATLAB/Simulink evaluate grid-current quality under both power-flow directions. The
results show that passive damping effectively suppresses resonance but may introduce additional losses or reactive
power variation. Active damping provides the best THD performance and maintains stable operation under
bidirectional conditions, although at the cost of increased control complexity. The study highlights the trade-offs
between damping effectiveness, implementation complexity, and grid-compliance constraints, providing practical
guidance for the design of robust LCL-filtered EV onboard chargers.

1. INTRODUCTION

The accelerated deployment of Electric Vehicles (EVs) has led to significant interest in
high-performance, grid-compliant onboard chargers (OBCs) that enable both unidirectional
and bidirectional power flows [1-2]. As EV penetration increases, the opportunity for V2G
systems to enhance grid flexibility, provide ancillary services, and support renewable
integration has become a key research priority [3—4]. Within this context, the onboard charger
plays a pivotal role in ensuring safe, efficient, and compliant energy exchange between the
vehicle and the grid [5-7].
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To meet power quality standards such as IEEE 1547 and IEC 61000-3-2, grid-connected
onboard chargers (OBCs) typically require front-end power factor correction (PFC) stage [8-
9]. The equivalent circuit representations of the L, LC, and LCL filters are shown in Fig 1.
The LCL filter is widely preferred in these applications due to its superior attenuation of high-
frequency switching harmonics compared to traditional L or LC filters [8-9]. However, LCL
filters introduce a resonant peak in the frequency domain that can compromise stability and
degrade control performance, especially in weak grids or during bidirectional operation [9].

L L
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Fig. 1. Equivalent circuit representations of L, LC, and LCL filters used for grid-connected converters. Lc: inverter-side
inductor; Lg: grid-side inductor; Cf: filter capacitor

This has motivated extensive research into damping techniques, which aim to suppress
the resonant peak while preserving filter performance and minimizing energy losses [10-12].
Conventional passive damping methods, such as series or parallel resistors, are
straightforward to implement but inherently dissipate power and can affect reactive power
flow [11]. Advanced configurations like the R-C damping branch offer improved control over
resonance but must be carefully designed to remain within reactive power constraints [12].
On the other hand, active damping techniques—such as capacitor current feedback and virtual
impedance—achieve resonance suppression through control modifications, avoiding resistive
losses but introducing sensitivity to digital implementation delays and grid parameter
variations [13-17].

Recent studies have extensively analyzed damping methods, often focusing on isolated
scenarios or under idealized unidirectional operation assumptions [18]. This paper aims to
bridge this gap by presenting a unified comparative study of passive and active damping
strategies applied to LCL filters within a realistic, bidirectional 10 kW onboard charger
(OBC) environment. The proposed setup encompasses both Grid-to-Vehicle (G2V) and
Vehicle-to-Grid (V2G) modes, evaluating the damping methods through Bode analysis,
resonance perturbation tests, and harmonic distortion metrics. Building upon and extending
earlier research [6-7], this study integrates practical design insights, filter analysis, and
harmonized MATLAB/Simulink evaluations, targeting real-world compliance and stability
considerations.
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The rest of this paper is organized as follows. Section 2 presents the mathematical
modelling and design procedure of the LCL filter used in the grid interface. Section 3
examines several passive damping approaches, including series resistor, parallel resistor, and
R—C branch configurations. Section 4 then introduces the active damping strategy based on
capacitor-current feedback and its integration within the control structure. Section 5 provides
a comparative assessment of passive and active damping techniques from a practical
implementation perspective. Section 6 reports the simulation results obtained under both
Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G) operating conditions. Finally, Section 7
summarizes the main findings and discusses possible directions for future work.

2. LCL FILTER DESIGN

This chapter focuses on the practical design methodology of an LCL filter for
a bidirectional grid-connected converter. The goal is to maintain control stability and
minimizing reactive power injection.

2.1. BASE PARAMETER COMPUTATION

To normalize the filter design, base values of voltage, current, and impedance are
defined from the rated apparent power and grid voltage [8-9].

VZ

h
Zpase = 5 (1)
Srated
1
C = — 2
base WgridZbase ( )

VLL

where: V,, = 7

, and Wgria = angrid
2.2. FILTER CAPAC ITOR DESIGN
The capacitor Cs provides a low-impedance path for high-frequency harmonics and

improves grid current quality. Its reactive-power contribution must remain below 5% of the
converter’s apparent power to comply with grid codes [9-10].

Cr = @ - Cpgser @ € [0.02,0.05] (3)

The value of Csis obtained from (3) to satisfy this constraint.

2.3. FILTER INVERTER-SIDE INDUCTOR DESIGN

To limit the current ripple at the switching frequency the inverter-side inductance is
determined as [8-9]:
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_ Vidc
Le= 8 fow Al (4)

Where Vdc is the DC-link voltage, and Al is the peak-to-peak ripple current (usually
20% of rated).

2.4. FILTER GRID-SIDE INDUCTOR DESIGN

A balanced design often used to simplify bidirectional control implementation [8-9]:
Ly =L, ®)

Though Lg>Lc may be chosen in EMI-sensitive or weak-grid cases [9].

2.5. RESONANCE FREQUENCY VALIDATION

_ 1 [Letig
fres = — /—f (6)

This frequency should be located between the grid frequency and one-half of the
converter switching frequency to ensure stable control and adequate harmonic attenuation [9].

To verify filter stability:

3. PASSIVE DAMPING TECHNIQUES

This chapter presents an overview of the most commonly used passive damping
methods, including series damping, parallel damping, and the RC branch damping method.

3.1. SERIES DAMPING RESISTOR

In this approach, as shown in Fig 2 a resistor Rd is inserted in series with the filter
capacitor Cf. This provides a direct path for resonance energy dissipation and is relatively
simple to implement [11-12]. The optimal damping resistor value is typically chosen to
reduce the quality factor Q of the resonant circuit. The most widely cited expressions are
[11-12]:

(7)

R; = (8)
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Equation (7) is used to achieve maximum damping, while Equation (8) is preferred when
aiming to reduce power loss in the resistor. The insertion of Rd flattens the resonance peak in
the impedance profile and reduces the risk of instability [11-12].

The transfer function from inverter voltage to grid current for the LCL filter with series
damping is:

ig(s) 1+RgCys
Vinp(s)  LeLgCps3+RqCr(Le+Lg)s?+(LetLg)s

Gs(s) = ©)

3.2. PARALLEL DAMPING RESISTOR

An alternative approach places Rf in parallel with the capacitor Cf as shown in Fig 2.
This changes the admittance path at resonance and attenuates the oscillatory component by
shunting it through the resistor [11-12]. The design of Rd is commonly based on a desired
quality factor Q: The most widely cited expressions are [11-12]:
1

Rd - WresCrQ (10)

Where Q is typically selected between 1.5 and 2. This method is effective in reducing
resonance amplification while maintaining a simpler passive structure [11-12].
The corresponding transfer function is:

_ ig(s) Rg
Gp(s) = Vinw(s)  LeLgCrRgs3 2 (1)
iny cLgCrRas3+LcLgs?+Rq(Le+Lg)s
Lc Lg Le Lg
+ + + +
iic ic
o
Vin Vg Vin of Vg

g
g

Fig. 2. Passive damping topologies for an LCL filter: (a) series damping resistor Rd in series with Cf; (b) parallel
damping resistor Rd connected across Cf

3.3. R-C BRANCHE PARALLEL DAMPING RESISTOR

This method enhances frequency selectivity by connecting a resistor Rd and capacitor
Cd in series and placing the branch in parallel with Csas shown in Fig 3. It forms a notch-
like damping network around the resonance frequency. The component values are determined
as follows [12]:
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1

R; = (12)

27 fresCq
Cc

C, = 7”, n € [5,10] (13)

The advantage of this approach is its ability to localize damping around the resonance
frequency without significantly affecting other frequency components [12].
The modified transfer function becomes:
1+R4C4s

Gre(s) =
re(5) LcLgCpCaRas*+LeLgCes3+RaCales?+Les

Where L, = L. + Ly and C, = C¢ + C4

(14)

Fig. 3 RC-branch passive damping topology for an LCL filter: a series branch (Ra—Céd) connected in parallel with the
filter capacitor Cyr. Cd: damping capacitor; Rq: damping resistor

3.4. DESIGN CONSIDERATIONS

Among the passive damping approaches evaluated, series and parallel resistor damping
offer simplicity and ease of implementation. Series Rd damping is straightforward but
introduces continuous power losses and a broader frequency effect. The parallel Rd approach
reduces losses and avoids increasing reactive power, making it a practical choice when
compliance with grid codes is critical.

In typical LCL filter design procedures, the main filter elements— Lg, Lc, and C, are
sized first to meet harmonic attenuation and reactive power constraints (typically < 5% of
rated power at 50 Hz) [8-9]. Adding Cqin parallel with Cs increases the total capacitance:

Ceq = Cf + Cd (15)

Even a conservative selection such as Cd=Cf/10 results in approximately a 10% increase
in capacitive reactive power, which may challenge grid code compliance [9]. If no headroom
exists in the reactive power budget, the parallel Rd method is preferable since it avoids
altering Cf. Thus, while the R—C branch offers superior damping precision, it must be applied
with caution in systems tightly constrained by grid reactive power limits. Selection of the
damping method should therefore balance damping strength, power loss, implementation
complexity, and compliance with grid standards [11-12]. A unified comparison including
active damping strategies is presented in Section 5.
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4. ACTIVE DAMPING

This chapter details the implementation of capacitor-current feedback (CCF)-based
active damping for a bidirectional Active Front-End (AFE) rectifier using a first-order low-
pass filtered feedback path.

4.1. PRINCIPLE OF CAPACITOR-CURRENT FEEDBACK

In a typical LCL filter configuration, the resonance formed can lead to high-frequency
oscillations if left undamped. Capacitor-current feedback (CCF) addresses this by introducing
a virtual damping resistor across Cs. A scaled version of the capacitor current is fed back and
added to the control voltage command, effectively emulating resistive damping [13-17].

4.2. MEASUREMENT AND FILTERING OF CAPACITOR CURRENT

Since bidirectional grid-connected converters typically require inverter and grid current
sensing for control and protection, capacitor current estimation does not necessarily increase
sensor count in practical OBC implementations. The capacitor current i;, can be measured

directly or estimated by subtracting the grid-side and inverter-side inductor currents:
in = lipy — igrid (16)
This three-phase current is transformed into the synchronous reference frame (d-q) using
a Park transformation synchronized to the grid via a phase-locked loop (PLL). To reduce
switching-frequency noise in the feedback signal, the capacitor current is passed through
a first-order low-pass filter [14, 16]:

1 1
y T =
Ts+1

H(s) =

17

o 2nfe

The cut off frequency was selected as fc = 1200 Hz, close to the LCL resonance
frequency (fres=1.23 kHz). This choice preserves the dominant resonance component in the
capacitor-current signal while attenuating switching-frequency noise. Lower cut off
frequencies would introduce additional phase lag in the damping loop, whereas higher values
would allow switching harmonics to propagate through the feedback path. The resulting filter
time constant is T = 132 us, which remains small compared with the inner current-loop
dynamics.

4.3. DAMPING GAIN DESIGN

The active damping gain Kq emulates a parallel damping resistor across Ct and is
designed to match the impedance at the LCL resonance frequency. It is given by [13-17]:

1
WresCrQ
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Where: w,.s = 27f,.s 1S the resonance angular frequency, Cs is the filter capacitance, and Q
is the desired quality factor (typically between 1.5 and 2).

4.4. INTEGRATION INTO AFE CONTROL STRUCTURE

The active damping signal is added after the PI controllers and before the inverse Park
transformation. The total control voltage in the d-q frame is expressed as [18]:

Vg = Vgl — Ky icra (20)
v; = U;I — Kd . in,q (21)

Where: v} ,vq Outputs of the d-qg current PI controllers.
lcrarlcr,q- Filtered capacitor current components in the d-g frame.
V4, V. Modified voltage commands passed to the modulation stage.

This control strategy effectively emulates resistive damping at the capacitor node while
maintaining fast dynamic response and stable grid-current regulation [17—18]. This sliding-
mode-based approach could alternatively be implemented for higher robustness in nonlinear
AFE dynamics [19].

The integration of the CCF-based active damping loop within the cascaded control
structure is illustrated in Fig. 4.
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Fig. 4. Integration of capacitor-current-feedback (CCF) active damping within the cascaded AFE control structure
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5. COMPARATIVE ASSESSMENT OF DAMPING STRATEGIES

Following the analytical development of passive (Section 3) and active (Section 4)
damping techniques, a unified comparison is presented in Table 1 to assess their suitability
for bidirectional onboard chargers (OBCs). This comparison focuses on design-level
implementation aspects relevant to automotive integration, including hardware requirements,
control complexity, power dissipation, reactive power impact, and robustness under
bidirectional operation.

Table 1. Comparative assessment of passive and active damping strategies

Method Added Passive Added Sensors Continuous Reactive Frequepcy Bidirectional
Components Power Loss | Power Impact | Targeting Robustness
Series Rd +1 resistor None High None Broad High
Parallel Rd +1 resistor None Low None Moderate Low-Moderate
(mode-dependent)
R-C +1 resistor +1 . .
Branch capacitor None Low Increases Ceq High High
. i 0-1 (depends
Active None (Control on estimation None None High High
(CCF) Based)
method)

Capacitor current may be directly measured or estimated from existing inverter and grid current measurements

In practice, passive damping offers structural simplicity but introduces either resistive
losses (series Rq) or reactive power modification (R—C branch). Parallel Rd reduces losses
but may be sensitive under bidirectional operation. Active damping avoids passive power
dissipation and preserves reactive power constraints, at the cost of increased control
complexity. Therefore, damping selection in bidirectional OBC systems must balance
efficiency, implementation effort, and robustness under power-flow reversal.

6. SIMULATION AND RESULTS

6.1. OVERVIEW OF THE SIMULATION SETUP

The damping strategies were evaluated using a detailed MATLAB/Simulink model of a
10-kW three-phase bidirectional onboard charger (OBC). The system (Fig. 5, Table 2)
consists of an LCL-filtered Active Front-End (AFE) rectifier, an 800 V DC-link, and a
bidirectional non-isolated DC/DC converter connected to a 360 V lithium-ion battery.
Switches S1-56 form the three-phase AFE bridge responsible for AC/DC conversion and DC-
link regulation, while Q1-Q2 with Lo and Co implement the bidirectional DC/DC stage
operating in buck mode during G2V and boost mode during V2G. A perturbation source at
the grid interface is used to excite the LCL resonance during dynamic testing.

To suppress filter resonance and meet grid compliance standards, various damping
techniques were implemented at the LCL interface. The AFE is controlled via a cascaded
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structure comprising an outer DC-link voltage loop and inner current control loops, realized
using a synchronous reference frame (dg-axis) PI controller. Space Vector PWM (SVPWM)
is employed for its superior harmonic performance and DC bus utilization.

On the battery side, constant-power (CP) charging control governs energy transfer. The
DC/DC stage operates in buck mode for G2V and boost mode for V2G, according to the
direction of energy flow. A simulation step size of 1 us was chosen to ensure high-resolution
tracking and numerical stability.

Table 2. System Parameters

Symbol Parameter Value Unit
P. Charger Rated Power 10 kw
Ve DC Link Voltage 800 \%
Cac DC Link Capacitance 1000 uF
Q. Reactive power limit <5 %
Al Current Ripple <20 %
Vy Battery Nominal Voltage 360 \Y
— Battery Capacity 100 Ah
fow Switching Frequency 10 kHz
|/ Grid Voltage (L-L) 415 \Y/
fq Grid Frequency 50 Hz

Lc, L, LCL Filter Inductances 3.6 mH
Cr LCL Filter Capacitance 9.24 MF

Perturbation
source
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Fig. 5. Proposed bidirectional On-Board Charger (OBC) architecture used for damping evaluation

6.2. BODE PLOT VALIDATION

The first validation approach relies on frequency-domain analysis. Figure 6 presents the
Bode response of the LCL filter for the undamped case and for the three passive damping
configurations: series Rg4, parallel Rq, and the R—C branch. In the undamped condition,
a pronounced resonance peak appears near the designed frequency (~1234 Hz). The damping
strategies significantly reduce this peak, illustrating their effectiveness in suppressing LCL
resonance.
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Fig. 6. Bode magnitude response comparison of the LCL filter transfer function under undamped and damped
conditions (series Rq, parallel Rq, and RC-branch (Ra—C4)). fres: resonance frequency

6.3. PERTURBATION-BASED EVALUATION IN SIMULINK

To evaluate damping performance under dynamic conditions, a perturbation of 20 Vrms
at the resonance frequency (1234.1 Hz) was injected into the grid voltage. The perturbation
was applied during 0-0.2 s in G2V mode and 0.2-0.4 s in V2G mode. The resulting grid-
current response was analyzed for both passive and active damping configurations.

As illustrated in Fig. 7, the undamped case exhibits pronounced oscillations in both
operating modes, confirming the inherent resonance behaviour of the LCL filter. This
resonance originates from the energy exchange between the two inductors (L., Lg) and the
filter capacitor (Cr), occurring at the characteristic frequency defined in (6). Without
sufficient damping, this natural oscillatory mode can amplify grid-current disturbances and
threaten closed-loop stability.

Among the passive methods, series Rq damping effectively suppresses oscillations in
both G2V and V2G operation, producing stable current waveforms. Parallel Rq damping,
however, exhibits asymmetric behaviour: while effective during G2V operation, it fails to
maintain suppression during V2G, leading to increased distortion. The R—C branch provides
balanced attenuation in both directions, although with slightly higher THD.

Active damping using capacitor-current feedback provides the most robust performance,
maintaining waveform stability in both power-flow directions. Overall, the results confirm
the dynamic effectiveness of the investigated methods and indicate that active damping, series
R4, and the R—C branch provide the most reliable solutions for bidirectional OBC applications.
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Current (4)

Tim E(s)

Fig. 7. Grid current response under resonance perturbation for each damping technique in both operating modes: G2V
(grid-to-vehicle) and V2G (vehicle-to-grid). a) undamped LCL, b) series Rq, c) parallel Rq, d) RC branch (Ra—Ca)),
e) active damping (CCF)

6.4. FREQUENCY-DOMAIN HARMONIC ANALYSIS, THD, AND COMPLIANCE

A MATLAB script was developed to perform the FFT analysis and extract the total
harmonic distortion (THD) of the grid current for each damping method under both G2V and
V2G operating modes. A representative MATLAB script and the corresponding simulation
dataset used for FFT-based harmonic analysis and THD extraction are provided as
supplementary material for reproducibility. Because the system is balanced, the analysis
focuses on phase A, which is sufficient for harmonic evaluation. For completeness, detailed
FFT spectra for the undamped case and all damping configurations are provided in the
Appendix. Each spectrum includes the fundamental 50 Hz component together with the
corresponding harmonic content.

The THD is computed using the standard formula:

© 52
n=21n

THD; =

x 100% (22)

1

Where I1 denotes the fundamental current component and In represents the harmonic
components.

In the undamped case, elevated harmonic levels are observed, whereas the introduction
of damping techniques improves the spectral quality to varying extents, as detailed in the
Appendix. Figure 8 summarizes the comparative performance metrics obtained for the
different damping strategies.
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Fig. 8. Total harmonic distortion (THD) of grid current ia for each damping technique in G2V and V2G modes. THD:
total harmonic distortion; G2V: grid-to-vehicle; V2G: vehicle-to-grid

6.5. COMPARATIVE SUMMARY

Damping strategies differ in both performance and implementation complexity. Series
Rd damping offers a simple and robust solution, although it introduces continuous resistive
losses and provides limited frequency selectivity. Active damping eliminates passive power
dissipation but requires accurate current measurement and careful filter design; however, it
maintains stable performance under both G2V and V2G operation without parameter
reconfiguration. The R—C branch provides effective attenuation with a slight increase in
reactive power, while parallel Rq damping performs well during G2V operation but exhibits
poor suppression in V2G mode.

The numerical THD values reported in Table 3 are obtained from the FFT-based
harmonic analysis described in Section 6.4. These results quantify steady-state grid-current
distortion under both charging (G2V) and discharging (V2G) conditions, enabling a direct
comparison of damping robustness under bidirectional power flow.

Table 3. Summary of THD Performance for Each Damping Technique

Technique GZ\(/O/O-I;HD VZ%/O-I;HD Remarks
Undamped 5.94 8.03 Resonance amplification, non-compliant THD
Series Rd 1.29 2.18 Consistent low THD in both modes, added resistive loss
Parallel Rd 0.9 3.66 Excellent G2V performance, poor V2G stability
R-C Branch 2.24 2.98 Balanced bidirectional performance, increased reactive power
Active Damping 1.76 2.66 Robust bidirectional stability without passive losses
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The results suggest that damping strategy selection in bidirectional OBC systems should
address not only harmonic attenuation but also stability during bidirectional operation, power
loss trade-offs, and reactive power constraints.

7. CONCLUSION

This work examined passive and active damping strategies for LCL filters used in a 10-
kW bidirectional onboard charger for electric vehicles. Several approaches were modelled
and evaluated, including series and parallel resistive damping, R—C branch damping, and
active damping based on capacitor-current feedback.

The simulation results demonstrate that all investigated methods attenuate the LCL
resonance and reduce grid-current THD, although their effectiveness differs under
bidirectional operation. Series Rqs and the R—C branch provide stable performance in both
G2V and V2G modes. In contrast, parallel Rd damping, while simple to implement, shows
reduced effectiveness during V2G operation. Active damping achieves strong dynamic
performance without introducing additional reactive power.

Although this study concentrates on LCL filter damping for grid stability and
compliance, the complete charger architecture—including battery-side control, DC-link
dynamics, and charging operation—was also modelled. A more detailed investigation of
battery SOC evolution, voltage ripple, and power-regulation strategies will be addressed in
future work in order to maintain the present study’s focus on resonance damping and grid-
side behaviour.

APPENDIX
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